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INTRODUCTION 
The soil management practices can affect physicochemical and 
biochemical conditions of soils and, as a result, their enzyme 
activities. Among these practices, waterlogging, crop rotations, and 
crop residue additions are common in different parts of the world. 
Soils that contain excess water are widespread, ranging from 
completely waterlogged, such as padi soils, to those in which imperfect 
drainage causes a localized buildup of water. The waterlogged condi­
tion is characterized by lack of Og in the soil that results in shift 
of the microbial population from aerobic to anaerobic, changes in the 
chemical species present in the soil capable to accept electrons, 
changes in the redox potential (Eh) and pH, and release of reduced ions 
that can affect positively or negatively enzyme activity in soils. 
The activity of soil microorganisms, and in turn their influence 
on plants, is largely dependent on the utilization of substrates which 
originate either as root exudates or plant materials. Among the cul­
tural practices, crop rotations and crop residue additions are also 
known to affect microbial populations and consequently must influence 
the status of the enzymes in soils. Crop rotations permit changes in 
the rhizosphere organisms and the incorporation of crop residues after 
harvest. Therefore, the amount and the type of residue left in soils 
or added as amendment affect the microbial population because each 
residue provides C, N, and other elements in different amounts and 
available forms to be used by microorganisms and maintain the active 
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biomass. The subsequent availability of this source of nutrients 
depends on the rate the elements are released from the residue to the 
soil. This process is very complex because microorganisms compete with 
each other and with plants for such nutrients, and later, after they 
die, release these compounds to the medium. Then, it is necessary to 
know the process of decomposition of organic and inorganic compounds, 
the activity of enzymes that are related with each process, and how 
these activities are affected by change in the physicochemical 
conditions. 
Although numerous studies have been done on soil enzymes, little 
information is available on the effect of redox potential, crop 
rotations, and residue additions on enzymes involved in the C, N, P, 
and S cycling in soils; therefore, the objectives of this work were to 
study the effect of redox potential, crop rotations, and crop residue 
additions, both under aerobic and waterlogged conditions, on the 
activities of six enzymes involved in the cycles of these elements. 
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LITERATURE REVIEW 
Nutrient cycling in soils involves biochemical, chemical, and 
physicochemical reactions, with the biochemical processes being mediated 
by enzymes derived from microorganisms, plant roots, and soil animals 
(Stevenson, 1985). Therefore, soils are enzymatically active, and the 
collective activities of enzymes in soils express the metabolic status 
of soils at a given time. Indeed, potential activities of individual 
or groups of enzymes have been correlated with plant growth in different 
soils or in soils with different cropping histories and are thought by 
some workers to serve as useful indices of soil fertility (Ladd, 1985). 
Since 1978 when the subject of soil enzymes was comprehensively reviewed 
in a book edited by Burns (1978), the majority of soil enzyme studies 
has continued to deal with activities of whole soil suspensions. Most 
studies of soil enzymes have been concerned with the effects of heavy 
metal pollutants, pesticides, and inhibitors and emphasize those 
reactions directly involved in the cycling of plant nutrients. 
Soil enzymes function in complex and varying physicochemical 
environments, and changes in redox potential resulting from waterlogging 
should have marked effect on their activities. Similarly, soil 
management practices, such as crop rotations and tillage or no-tillage 
systems, should have profound effects on soil enzyme activities and, 
therefore, nutrient cycling. Changes in root systems of plants should 
influence the microbial dynamics in the rhizosphere, and crop residue 
addition should affect microbial proliferation and, therefore, enzyme 
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production. Little information is available, however, about the effect 
of waterlogging or soil management practices on enzyme activities in 
soils. 
Enzymes and Their Activities in Soils 
Enzymes have an essential role in catalyzing specific chemical 
reactions, and their activities are involved in energy transfer, 
environmental quality, and crop productivity. Microorganisms in the 
air, soil, and water that have degradative ability through hydrolytic 
enzymes are active in the breakdown of products such as air pollutants, 
pesticides, plastics, paper, petroleum, and laundry detergents. Several 
soil enzymes contribute to the nutrition and productivity of crops by 
hydrolyzing unassimilable forms of organic substances to forms which 
are available to plants. Also, the efficiency of fertilizers applied 
to agricultural soils could be increased by manipulating enzymatic 
processes in soils by the use of different management practices (Perez-
Mateos and Gonzalez-Carcedo, 1985; Baruah and Mishra, 1986; Dick et al., 
1987). 
As with microbial numbers in soil, enzyme activities are not static 
but fluctuate with biotic and abiotic conditions. Factors such as 
moisture, temperature, aeration, soil structure, organic matter content, 
seasonal variations, and soil treatments have influence on enzyme 
activities. 
Attempts have been made to correlate enzyme activities with the 
overall metabolic activity of soils, but they have been only 
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partially successful. Both dehydrogenases and phosphatases have been 
assayed for this purpose (Trevors et al., 1982; Trevors, 1984; Tate, 
1987). 
Location of enzymes in soils 
Enzymes in soils are of plant, animal, and microbial origin, and 
collectively their activities express the metabolic status of soils at 
a given time (Ladd, 1985). Enzymes in soils can be separated into 
several categories according to their location \idthin the soil micro-
environment. Indeed, the measured activity of a particular enzyme is 
usually a composite of activities associated with two or more categories 
or locations. In general, assays measure the activities of accumulated 
enzymes which include (1) enzymes which function exocellularly, either 
free in the soil solution, or bound to inorganic or organic soil 
constituents, or present in particulate cell debris; and (2) enzymes 
which are present either in dead cells or in live cells. The various 
enzyme locations or categories have been described by Burns (1982, 
1986), and the main categories are: (1) Enzymes associated with living, 
metabollicaly active cells. These enzymes are principally hydrolases 
and may be cytoplasmic, periplasmic, cell wall bound, or truly 
extracellular. (2) Enzymes associated with viable but nonproliferating 
cells such as resting vegetative cells, bacterial endospores, fungal 
spores, protozoan cysts, and even plant seeds. (3) Enzymes which are 
associated, at least briefly, with their substrates in enzyme-substrate 
complexes. (A) Enzymes attached to entire dead cells, cell debris, or 
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having diffused away from dead and lysed cells. Many enzymes in this 
category may have had an original functional location on or within a 
cell yet may survive for a short period when released into the soil 
aqueous phase. (5) Enzymes which are more or less permanently 
immobilized on the soil clay and humic colloids. Enzymes associated 
with soil humâtes retain their activity for long periods. Enzymes can, 
of course, belong to more than one category and change from one form 
or category to another with time (Burns, 1986). 
Many.factors influence the turnover of enzymes in soils: (1) 
direct contributions of plant enzymes to soil; (2) growth conditions 
and the availability of energy sources for ^  novo synthesis by a 
variety of soil animals and microorganisms; (3) the availability of 
substrate for specific induction of enzymes by particular organisms; 
and the properties of the enzymes themselves, whether they are free or 
complexed, and the conditions pertaining in the microenvironments in 
which enzymes are located in soils, thus affording varying measures of 
protection against denaturation or biological degradation (Burns, 1978). 
Skujins (1976) used the term abiontic enzymes to describe all 
enzymes in soil, exclusive of those within live cells. Some enzymes, 
e.g., proteinases, nucleases, when active against externally added 
substrates of high molecular weight, may be considered reasonably to 
be functioning abiontically. Others, e.g., nitrogenase, probably 
dehydrogenases, because of their mechanisms of action, are likely to 
exist in active forms in soils only when they are present in living 
cells. 
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Many studies have related the activities of a range of soil enzymes 
to the nature of the plant cover. For example, Pancholy and Rice 
(1973a, 1973b) showed that the activities in soils of some carbohydrases 
decreased, whereas dehydrogenase and urease activities increased, during 
stages of revegetation with prairie grass, and with oak, and with 
oak-pine forests. These authors considered the types of plant residues 
rather than the total residue return as important in determining the 
activity gradients of the enzymes assayed. 
Other studies by Dick et al. (1983) showed that steam-sterilized 
and nonsterilized soils inhibited acid phosphatase and inorganic 
pyrophosphatase of corn (Zea mays L.) roots, suggesting that the 
observed inhibition is, at least partly, due to soil-organic 
constituents. Unlike organic waste materials, such as animal manures 
and sewage sludges which contain both acid and alkaline phosphatases, 
plant materials contain only acid phosphatase (Dick and Tabatabai, 
1984). Soils, however, contain both acid and alkaline phosphatases, 
with acid phosphatase being predominant in acid soils and alkaline 
phosphatase being predominant in alkaline soils, suggesting that 
microorganisms in soils are adaptive to the soil environment in synthe­
sizing the type of phosphatase that is most active at the soil pH. 
On the other hand, soil enzyme activities decrease with depth of 
sampling and vary with season and type of vegetative cover (Pancholy 
and Rice, 1973a, 1973b; Frankenberger and Tabatabai, 1981a; Busman and 
Tabatabai, 1985). Enzyme activities of topsoils are directly correlated 
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with organic matter (C and N) contents, and for soils which have 
received no recent organic substrate amendments activities are poorly 
correlated with microbial number (Tabatabai, 1977, 1982a; Ladd, 1985). 
Enzymes related to C, N, P, and S_ cycles in soils 
Soil enzymes have primarily been involved in the metabolism of 
carbohydrate-, nitrogen-, phosphorus-containing organic compounds and 
catalyzing oxidation-reduction processes. Enzymes of special signifi­
cance in the carbon cycle include amylase, cellulase, glycosidase, and 
invertase. Metabolism of nitrogenous compounds commonly involves 
proteinases and peptidases (caseinase, pepsin, and trypsin), deaminases, 
and araidohydrolases (asparaginase, glutaminase, and urease). Some 
important enzymes involved in the P cycle include phytase, adenosine 
triphosphatase, phosphomonoesterase, phosphodiesterase, and pyrophos­
phatase. The oxido-reductase class of soil enzymes include catalase, 
dehydrogenase, and peroxidase (Kuprevich and Shcherbakova, 1971). Among 
the enzymes involved in the sulfur cycle is arylsulfatase. This enzyme 
is important in the cleavage of sulfate ester bonds in organic matter 
of soils (Tabatabai and Bremner, 1970a). 
Among the enzymes involved in carbon metabolism, those acting on 
glycosyl compounds, including glycoside hydrolases, have been the 
hydrolases least studied in soils. These enzymes include some important 
hydrolases like cellulase, amylase, and some glycosidases that catalyze 
the hydrolysis of disaccharides. Among the glycosidases, a-glucosidase 
which catalyzes the hydrolysis of a-D-glucopyranosides and 
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(i-glucosidase that catalyzes the hydrolysis of (i-D-glucopyranosides are 
involved in hydrolysis of maltose and cellobiose, respectively. 
Glucosidases and galactosidases are widely distributed in nature. 
These enzymes have also been detected in soils (Skujins, 1967). 
(î-Glucosidase is more dominant in soils than a-glucosidase and a- and 
(i-galactosidases. The hydrolysis products of (i-glucosides are believed 
to be important energy sources for microorganisms in soils (Tabatabai, 
1982a). 
The enzyme urease (urea amidohydrolase) has been well characterized 
in soils because of the fact that its substrate, urea, is added to soils 
as a synthetic fertilizer and in animal excreta. This enzyme has been 
thoroughly evaluated in its method of detection, kinetics, thermodynam­
ics, stability, and distribution in soils (Tabatabai and Bremner, 1972; 
Tabatabai, 1973, 1977; Dalai, 1975). The amount of soluble urease in 
soils should be very small because, like other proteins, it is degraded 
in soils by protease. Clearly, urease and other enzymes in soils must 
be protected by clays or, more probably, by being present within 
colloidal material having the properties of a cross-linked humic gel 
(Burns et al., 1972). Relationships between urease activity and other 
soil properties were studied by analyzing 21 Iowa surface soils selected 
to obtain a wide range in properties by Zantua et al. (1977). They 
showed that urease activity was highly correlated with organic C, 
total N, and cation-exchange capacity. Urease activity also was found 
to be significantly correlated with clay, sand, and surface 
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area, but was not significantly correlated with pH, silt or CaCOg 
equivalent. Multiple regression analyses showed that organic matter 
content accounted for most of the variation in urease activity. Other 
studies by Tabatabai (1977) on the distribution of urease activity 
snowed that it is concentrated in surface soils and decreases with 
depth. Urease activity was proportional to organic C distribution in 
each soil profile and was significantly correlated with organic C in 
surface soils. 
It is known that amidase (acylamide amidohydrolase) is the enzyme 
that catalyzes the hydrolysis of aliphatic amides and produces ammonia 
and their corresponding carboxylic acids. This enzyme acts on C-N bonds 
other than peptide bonds in linear amides. It is specific for aliphatic 
amides, thus arylamides cannot act as substrates (Frankenberger, 1980). 
This enzyme was detected in soils by Frankenberger and Tabatabai (1981a, 
1981b), and they reported that it is concentrated in surface soils and 
decreases with depth. They also found that the activity of this enzyme 
is significantly correlated with organic C, percentage of N, percentage 
of clay, and urease activity. No significant relationship was found 
between amidase activity and soil pH or percentage sand. 
Among the phosphatases, the phosphomonoasterases, acid and alkaline 
phosphatases, have been studied extensively in soils. The enzymes are 
classified acid and alkaline phosphatases because they show their 
optimum activities in acid and alkaline ranges, respectively (Eivazi 
and Tabatabai, 1977). Because of the importance of these enzymes in 
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soil organic P mineralization and in plant nutrition, considerable 
literature has accumulated on the activity of these enzymes in soils 
(Speir and Ross, 1978). Most of the literature, however, is related 
to acid phosphatase. Consequently, this enzyme has been given a 
prominent place in a number of soil biochemistry and enzymology reviews 
(Cosgrove, 1967; Kiss et al., 1975; Speir and Ross, 1978). 
Acid phosphatase activity has been shown to be related to organic 
C content and to be affected by such factors as pH, moisture, storage 
of the soil, P fertilization, and incubation of the soil with a C 
substrate (Speir and Ross, 1978). 
Because much of the soil organic S is present in the form of 
sulfate esters, arylsulfatase (arylsulfate sulfohydrolase) may play a 
key role in S mineralization. The activity of this enzyme in soils has 
been shown to vary with soil type, depth of soil, season, and climate. 
Data obtained by Tabatabai and Bremner (1970a, 1970b) for six Iowa soil 
profiles show that arylsulfatase activity decreased markedly with depth 
and was closely correlated with the decrease in organic matter. 
However, considerable deviation in arylsulfatase activity occurred in 
soils with high organic matter, corresponding to the upper soil layers. 
This suggests that additional factors, other than organic matter 
content, were involved in arylsulfatase activity. Cooper (1972) 
reported a significant correlation between arylsulfatase activity in 
20 Nigerian soils and total C, organic S, and Hl-reducible S. 
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Effect of Waterlogging on Chemical, Physical, and 
Microbiological Properties of Soils 
The interest in the chemistry of submerged soils is related to two 
important facts; the breeding of lowland rice varieties with a high 
yield potential; and the pollution of streams, lakes, and seas by 
domestic, agricultural, and industrial wastes. 
Flooding a soil results in restriction of aeration and causes 
changes in its biological and physicochemical properties (Ponnamperuma, 
1981; Yu Tian-ren, 1981). As a result, organisms use up the oxygen 
present in the soil and become quiescent or die. The facultative 
anaerobes then proliferate using carbon compounds as substrate and using 
oxidized soil components and dissimilation products of organic matter 
as electron acceptors in respiration. The course, rate, and degree of 
reduction are influenced by the nature and content of organic matter, 
temperature, the nature and content of electron acceptors, and pH. 
Submerging a soil brings about a variety of electrochemical 
changes. These include (1) a decrease in redox potential (Ehy), (2) 
changes in pH, (3) changes in specific conductance and ionic strength, 
(4) drastic shifts in mineral equilibria, (5) cation and anion exchange 
reactions, and (6) sorption and desorption of ions (Van Cleemput et al., 
1975; Ponnamperuma, 1981). 
The influence of soil factors on Eh changes have been summarized 
by Ponnamperuma (1972, 1981); (1) soils high in nitrate (more than 275 
ppm NOg ) have positive potentials for several weeks after submergence; 
(2) soils low in organic matter (<1.5%) or high in manganese (>0.2%) 
maintain positive potentials even 6 months after submergence; (3) soils 
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low in active manganese and iron (sandy soils) with >3% organic matter 
attain Eh values of -0.2 to -0.3 V within 2 weeks of submergence; and 
(4) the fairly stable potentials reached after several weeks of 
submergence lie between 0.2 and -0.3 V. 
When an aerobic soil is submerged, its pH decreases during the 
first few days, reaches a minimum, and then increases asymptotically 
to a fairly stable value of 6.7 to 7.2 a few weeks later. The overall 
effect of submergence is to increase the pH of acid soils and to depress 
the pH of sodic and calcareous soils. The decrease in pH shortly after 
submergence is probably due to the accumulation of COg produced by 
respiration of aerobic bacteria. The subsequent increase in pH of acid 
soils is due to soil reduction. The pH values of submerged calcareous 
and sodic soils are lower than those of the aerobic soils because of 
the accumulation of CO2. The pH value profoundly influences hydroxide, 
carbonate, sulfide, phosphate, and silicate equilibria in submerged 
soils. These equilibria regulate the precipitation and dissolution of 
solids, the sorption and desorption of ions, and the concentrations of 
3+ 2+ 
such nutritionally significant ions or substances as A1 , Fe , HgS, 
H2CO3, and undissociated organic acids (Ponnamperuma, 1972; Patrick and 
Henderson, 1981; Sajwan and Lindsay, 1986). 
Microbiological and enzymatic properties of soils under waterlogged 
conditions 
In a well-drained soil, decomposition of plant residues is 
accomplished by a large group of microorganisms assisted by the soil 
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fauna (Broder and Wagner, 1988). Because of the high energy release 
associated with the aerobic respiration of these organisms, decomposi­
tion of substrate and synthesis of cell substance proceed rapidly. The 
bulk of freshly added organic matter disappears as COg, leaving a 
residue of resistant material, chiefly altered lignin. Also, there is 
a heavy demand on nutritional elements, especially nitrogen. In 
submerged soils, the decomposition of organic matter is almost entirely 
the work of facultative and obligate anaerobes. Since anaerobic 
bacteria operate at a much lower energy level than aerobic organisms, 
both decomposition and assimilation are much slower in submerged soils 
than in aerobic soils. 
The most important difference between anaerobic and aerobic 
decomposition lies in the nature of the end products. In a normal, 
well-drained soil the main end products are COg, nitrate, sulfate, and 
resistant residues (humus); in submerged soils, they are CO2, hydrogen, 
methane, ammonia, amines, mercaptans, hydrogen sulfide, and partially 
humified residues (Bell, 1969; Ponnamperuma, 1972). 
The effects of flooding of soils on enzymatic activities vary with 
the enzyme assayed (Nayak and Rao, 1981; Pedrazzini and McKee, 1984; 
Ray et al., 1985; Pulford and Tabatabai, 1988). For example, work by 
Tate (1979) showed that flooding increased dehydrogenase activity but 
decreased both invertase activity and also the aerobic oxidative 
activities against a range of substrates, aromatic ring metabolism being 
the most affected. Tate (1979) also found that dehydrogenase activity 
declined during the first 5 days of flooding; then it increased 
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continually until the field was drained. At that point, the 
enzymaticactivity decreased. These results indicate the declining 
importance of aerobic carbon metabolism during flooding and suggest an 
increase in the facultative and anaerobic populations. 
Baruah and Mishra (1984) found that flooded rice soils also had 
higher urease activity than upland rice soils. In flooded rice fields, 
urease activity ranged from 2.98 to 7.90 mg NH^^-N/100 g soil/3 h; while 
in the upland rice field, urease activity ranged from 1.16 to 2.85 mg 
NH^^-N/100 g soil/3 h. These results differ from those of Delaune and 
Patrick (1970) who did not find appreciable urease activity in flooded 
rice soils incubated in the laboratory. 
Pulford and Tabatabai (1988), working with eight enzymes involved 
in C, N, P, and S cycling, found that, under waterlogged conditions, 
acid phosphatase, alkaline phosphatase, urease, and arylsulfatase 
activities were significantly correlated; whereas phosphodiesterase and 
amidase were significantly, but negatively, correlated with redox 
potential; and that this parameter decreased, in general, with time of 
incubation. 
Enzyme Activities as Affected by Soil Management 
Enzyme activities have often been used as a measure of soil 
fertility despite the fact that they can be affected by cultural and 
chemical treatments (Khan, 1970; Trevors, 1984; Tate, 1987). The 
actual relevance of increased levels of soil enzymatic activities for 
plant growth remains to be elucidated. For example, soil-sulfatase 
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had been found to be well-correlated with S available for plant growth 
under controlled environmental conditions (Speir, 1977). In contrast, 
weak correlations have been found between protease activity and N 
mineralization in a climosequence of soils in New Zealand (Ross and 
McNeilly, 1975). The possibility exists that the improved yields, 
higher residual nutrient concentrations, and increased efficiency of 
crop use of fertilizer sometimes observed under no-tillage practices 
are, in part, due to increased amounts of soil enzyme activities and 
a concomitant increase in mineralization rates (Klein and Koths, 1980). 
The activities of amylase, cellulase, invertase, urease, and 
dehydrogenase in soils have been studied in relation to old-field 
succession by Pancholy and Rice (1973a). They found no correlation 
between enzymatic activity and amount of organic matter or soil pH. 
The type of vegetation and thus the type of organic matter added to the 
soil during succession seemed to be the chief determiners of the 
activity gradients of the enzymes that they studied. They found 
consistent changes in activity of the five soil enzymes that they 
investigated during old-field succession in all three diverse vegetation 
types: tall grass prairie, post oak-blackjack oak (Quercus stellata, 
C^. marilandica) forests, and oak-pine (Quercus, Pinus) forests. The 
carbohydrases had high activities in the first successional stage and 
decreased with succession toward the climax, contrary to urease and 
dehydrogenase that had low activities in the first stage of succession 
and increased as succession progressed. Pancholy and Rice (1973b) 
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concluded that the levels of activity of invertase, amylase, and 
cellulase in soils affected by successional stages of revegetation are 
affected by the type of organic matter added to the soil and that these 
activities are not correlated with percentage of organic matter. 
A comparison of sulfatase, urease, and protease activities in 
planted and in fallow soils was conducted by Speir et al. (1980). They 
supported the idea that in the planted soils continual additions of 
enzymes could be expected from plant roots and from associated 
microorganisms. The presence of large amounts of dead root material, 
which would occur after each harvest of herbage, may also greatly have 
boosted the populations of decomposer microorganisms that have been 
implicated as possible major contributors of enzymes to soils. It is 
likely that supplementation from these sources accounted for the 
increase in urease activity in the planted soils during the trial. That 
sulfatase activity changed very little in the planted soils could 
indicate that negligible sulfatase was added from these sources. It 
is, however, possible that sulfatase activity was lost during the 
process of incubation and that supplementation was only adequate to 
replenish the activity lost (Speir et al., 1980). 
Enzyme activities (glycoside hydrolase and dehydrogenase) and 
oxygen uptakes of soils under pasture in temperature and rainfall 
sequences were studied by Ross and Roberts (1970). They found that all 
biochemical activities were negatively, but not usually significantly, 
correlated with mean annual temperature. Activities did not appear to 
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be influenced by differences in the proportions of grasses and legumes 
(mainly clovers) or in the clay contents at the different sites. 
Activities of glycoside hydrolases were significantly correlated with 
mean annual rainfall and with soil moisture and organic C contents; 
activities of enzymes hydrolyzing sucrose were significantly correlated 
only with soil organic C contents. The ratio of the activities of 
enzymes that hydrolyze sucrose and those that hydrolyze starch declined 
significantly with increasing mean annual rainfall. 
Cultural practices were found to have a marked effect on enzymatic 
activity of a gray wooded soil (Khan, 1970). The dehydrogenase, urease, 
catalase, phosphatase, and invertase activities in soils from plots in 
a 5-year rotation of grains and legumes were significantly greater than 
those from the wheat-fallow system. It is noteworthy that the phospha­
tase and invertase activities in the rotation soil plots were almost 
double those in the wheat-fallow sequence. Further, the magnitude of 
increase in phosphatase and invertase activities due to fertilizers was 
considerably greater in the former soils. In general, a greater 
enzymatic activity was observed in soils treated with manure, NPKS, and 
NS as compared with those of the control. However, the differences were 
not statistically significant. It appears that the legumes in rotation 
resulted in a considerable greater total soil microbiological activity 
than the wheat-fallow system. It was also found that organic matter 
content of plots under 5-year rotation of grains and legumes was sig­
nificantly greater than that in the wheat-fallow system. Further, the 
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continued use of manure also resulted in a marked increase of organic 
matter, N, and P in soils (Khan, 1970; Campbell et al., 1986). 
Urease, protease, and acid phosphatase activities in a soil 
continuously cropped to corn by conventional or no-tillage was reported 
by Klein and Koths (1980). Organic matter content was found to be 
significantly greater in the no-tillage plots (£<0.01), and silage and 
grain-corn plots did not differ significantly with respect to organic 
matter content when an orthogonal comparison was made. Means"of all 
the enzyme activities were highest for the no-tillage plots harvested 
for grain-corn treatment and lowest for the conventionally plowed plots 
harvested for silage corn treatment. Orthogonal comparisons revealed 
significantly (P^<0.01) higher activity in soil from the no-tillage 
plots. Differences in enzymatic activities of soil under corn harvested 
for grain or silage were not significant. All correlation coefficients 
between enzyme activity and organic matter content or enzyme activity 
and soil moisture content were highly significant (P^<0.01) and ranged 
from r = 0.82 to 0.90. 
Many researchers have reported significant correlations between 
organic matter content and enzymatic activity. For example, Dalai 
(1975) found significant correlations between urease activity and 
organic C in some Trinidad soils. A similar relationship has been 
reported for urease activity and organic C for Iowa soils (Tabatabai, 
1977). Phosphatase (Speir, 1977), protease (Ladd and Butler, 1972), 
and dehydrogenase (Perucci et al., 1984) activities have also been shown 
to be significantly correlated with organic C content. 
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Effect of Organic Materials on Enzyme 
Activities of Soils 
The production of large quantities of residues by current crops, 
and their subsequent decay, is necessary for good crop and soil 
management (Tisdale et al., 1984). Consequently, the selection of the 
cropping system and method of handling the residues are equally 
important. Proper management and fertilization will produce high 
yields, the principal point in which farmers are interested. A 
by-product of these high yields is the organic residue. Therefore, 
those soils that are being managed to produce large yields are being 
improved at the same time. All unused or unwanted crop residues left 
on the field after harvest have some manurial value. Normally, the 
residues are ploughed in or otherwise incorporated and they become a 
temporary or permanent part of soil organic matter, although it is very 
difficult to estimate the amounts of nutrients returned to the soil 
(Simpson, 1986). 
The majority of more recent studies have been devoted to measuring 
the effects of various management practices (choice of vegetation, 
mulching, tillage, prescribed burning, application of fertilizers and 
pesticides, etc.) on the activities of selected suites of enzymes. In 
some studies, the effects of the nature of the plant cover have been 
offered as indirect evidence for the persistence of plant enzymes in 
soils (Ladd, 1985). 
Tillage has been shown to decrease enzymatic activities of topsoils 
(Doran, 1980; Klein and Koths, 1980). Phosphatase and dehydrogenase 
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activities of a range of surface soils, which received long-term 
conventional tillage and no-tillage treatments, have been shown to be 
positively related with organic C and N and water contents and with the 
populations of several classes of microorganisms. The trend for greater 
enzymatic activities of the no-tilled surface soils has been found 
reversed for subsoil samples. Changes in the relative enzymatic 
activities in the profiles of tilled and no-tilled soils may be a 
consequence of the large relative changes in the populations of aerobic 
and facultative anaerobic microorganisms. The biochemical environments 
of no-tilled soils are shown to be less oxidative than those of 
soilsreceiving conventional tillage practices (Doran, 1980). 
The effects of inorganic fertilizers on soil enzyme activities vary 
with the soil and with the enzyme assayed. In long-term experiments, 
the effects may be indirect, due perhaps to changes in plant yields, 
and thus in soil moisture regimes, soil solution nutrient 
concentrations, and in the return to soil of organic residues, etc. 
(Ladd, 1985). For example. Spiers and McGill (1979) showed that P 
fertilization over 5 years decreased phosphatase activities of a soil 
initially of high organic matter content and of high phosphatase 
activity but increased the phosphatase activity of a soil initially of 
low organic matter content and activity. In the latter soil, increased 
activity was attributed to a greater return of plant residues and thus 
increased potential for microbial synthesis. Spiers and McGill (1979) 
concluded that concentrations of P in soils, the availability of energy 
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sources, and the accumulation of soil organic matter can be factors in 
determining the levels of soil phosphatase activities and the response 
to added P fertilizers. The increase of the soil biological activity 
observed in the fertilized soils was attributed to the combined effect 
of the increased soil organic matter content and the improved soil 
nitrogen and phosphorus fertility. 
Nitrogen losses from added urea and urease activity of a clay loam 
soil amended with crop residues were investigated by Perucci et al. 
(1982). They evaluated the effect of buried crop residues on N losses 
by volatilization and urease activity in the presence of added urea and 
found that all types of added crop residues markedly increased the 
N losses, but the percentage loss varies according to the type used. 
They found that the increase in N loss 216 h after addition of urea was 
greater by 10% for soil plus maize, 35% for soil plus sunflower 
(Heliantus annuus L.), 37% for soil plus wheat straw (Triticum aestivum 
L.), and 57% for soil plus tobacco (Nicotiana tabacum L.) than from soil 
not treated with crop residue. These data suggest that the agronomic 
practice of incorporating crop residues into soils may modify the soil 
characteristics that determine the urea-N losses through urea hydrolysis 
and support the hypothesis that urease activity increases when organic 
matter is added to soils and that this increase depends on the type of 
organic material incorporated (Zantua and Bremner, 1976; Tabatabai, 
1977; Perucci et al., 1982). 
Enzyme activities in a clay loam soil amended with various crop 
residues were also studied by Perucci et al. (1984). The enzymes 
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studied were selected from among the oxidoreductase and hydrolase 
classes because of their importance in recycling plant nutrients. 
Because the levels of soil-enzyme activities are often associated with 
organic C content (Tabatabai and Bremner, 1970b; Ladd, 1978; Speir and 
Ross, 1978), the addition of crop residues into the soil was made so 
as to have the same organic C content (2%). Because organic matter 
modifies the development of the enzyme-producing microbial population 
(Browman and Tabatabai, 1978), it is possible that during the incubation 
time the crop residue added promotes the growth of some microorganisms 
and inhibited that of others. In the latter case, the decrease in the 
enzyme activity may be due to a repressed enzyme production. Only 
tobacco, among the residues studied (Perucci et al. 1984), caused a 
significant increase in all enzyme activities assayed. Sorghum (Sorghum 
vulgare Pers.) and sunflower crop residues had a similar effect on all 
enzyme activities, except for acid phosphomonoesterase which was 
inhibited. The addition of maize and capsicum (Capsicum annuum L.) 
residues inhibited the phosphomonoesterase but increased activities of 
amylase, dehydrogenase, and arylsulfatase; whereas wheat straw inhibited 
both phosphomonoesterase and amylase activities. Tomato (Lycopersicon 
esculentum Mill.) residues raised the levels of only phosphodiesterase. 
These results, although obtained from laboratory experiments, demon­
strated that the burying of crop residues in soil is not favorable to 
all enzyme activities. 
The effect of crop residue addition on arylsulfatase activity in 
soils was studied by Perucci and Scarponi (1983). They found that 
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arylsulfatase activity was significantly correlated with organic C 
content of soils, but not with pH, CEC, percentage N, percentage clay, 
or percentage sand. These results also supported the work by Speir and 
Ross (1978) in that the arylsulfatase in soil is mostly of microbial 
origin. In fact, they found that maximal velocity, which is propor­
tional to the enzyme concentration, is increased by the presence of 
organic matter that stimulates the microbial activity of sulfatase-
producing organisms. It can be concluded, therefore, that the quality 
of vegetation, corresponding to a definite type of organic matter added 
to the soil, is highly important in influencing the activity of enzymes. 
Therefore, the objectives of this work were: (1) to study the effect 
of redox potential on enzyme activities of soils, and (2) to assess the 
effect of soil management practices on enzyme activities of soils. 
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MATERIALS AND METHODS 
Soils 
Soils used in Part % 
The soils used in Part I were surface samples (0-15 cm) selected 
to represent soils of Iowa and Costa Rica. Ten soil samples were 
obtained in June 1984 from various locations in Iowa (Figure 1). The 
10 Costa Rican soil samples were sampled in December 1985 from repre­
sentative agricultural areas (Figure 2). 
The samples were selected to represent soils that developed under 
diverse climatic conditions and parent materials and differ in age and 
type of agriculture management practice used. Thus, soils with a wide 
range of chemical and physical properties were obtained (Table 1). 
The field-moist samples were passed through a 6-mm screen, mixed 
thoroughly, placed in polyethylene bags, and stored at 5°C for later 
experiments. A subsample of each soil was air-dried and ground to pass 
a 2-mm sieve, and a portion of it was ground to pass an 80-mesh sieve. 
In the analyses reported in Table 1, pH was determined by a glass 
electrode (soiliwater or 0.01 M CaClg ratio, 1:2.5), organic C by the 
method of Mebius (1960), total N by the semimicro-Kjeldahl procedure 
described by Bremner and Mulvaney (1982), inorganic N (NH^"*" and NO^") 
as described by Keeney and Nelson (1982). Total P was determined by 
the method of Dick and Tabatabai (1977) and organic and inorganic P by 
the method of Olsen and Dean (1965), as modified by Chae and Tabatabai 
(1981). Total S and inorganic SO^^ -S were determined by the NaOBr 
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Figure 1. Locations of the soils sampled in Iowa 
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figure 2. Locations of the soils sampled in Costa Rica 
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Table 1. Properties of Iowa and Costa Rican surface soils used 
Soil pH^ 
No. Series Subgroup H2O CaClg 
Iowa soils 
1 Hayden Typic Hapludalf 5.8 5.1 
2 Luther Aerie Ochraqualf 6.4 5.6 
3 Fayette Typic Hapludalf 7.4 6.9 
4 Tama Typic Argiudoll 5.4 5.1 
5 Lester Mollic Hapludalf 6.6 6.1 
6 Clarion Typic Hapludoll 6.2 5.4 
7 Muscatine Aquic Hapludoll 7.6 6.9 
8 Nicollet Aquic Hapludoll 6.4 5.9 
9 Harps Typic Calciaquoll 7.9 7.2 
10 Canisteo Typic Haplaquoll 7.8 7.2 
Costa Rica soils 
11 Taboga Fluventic Ustropept 6.7 6.1 
12 Rancho Redondo Typic Dystrandept 5.7 5.1 
13 El Viejo Lithic Ustropept 6.3 5.8 
14 Diamantes Typic Dystrandept 5.1 4.7 
15 Catie Fluventic Humitropept 5.1 4.6 
16 Hacienda Vieja Typic Dystrandept 5.0 4.6 
17 La Pinera Ustoxic Plehumult 4.6 4.1 
18 Finca Sacramento Typic Dystrandept 6.1 5.7 
19 Estacion Typic Dystrandept 5.3 4.7 
20 San Josecito Typic Dystrandept 5.9 5.6 
^Soil:water or soil:0.01 M CaClg ratio, 1:2.5. 
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Table 1. Continued 
Nitrogen as Phosphorus as Sulfur as 
No. Org. C Total NH^"^ NO^" Org. Inorg. Org. S0^^~ 
1 0.8 0.080 2 2 109 266 126 2.0 
2 1.3 0.102 6 7 160 171 122 3.2 
3 1.5 0.175 5 12 197 234 221 5.0 
4 2.2 0.190 7 31 330 163 230 10.3 
5 3.4 0.253 5 10 292 135 397 4.3 
6 3.4 0.270 8 4 366 173 316 2.6 
7 3.6 0.250 6 5 326 167 345 2.5 
8 3.7 0.282 8 9 327 217 388 2.0 
9 4.0 0.328 4 6 352 261 467 3.0 
10 4.4 0.379 4 4 353 247 473 5.7 
11 1.0 0.100 3 8 688 146 186 3.4 
12 1.2 0.120 3 8 1235 346 794 2.4 
13 2.4 0.230 10 42 1141 466 809 1.8 
14 2.5 0.300 14 43 1731 269 1353 3.4 
15 2.6 0.270 16 29 1393 124 500 2.6 
16 2.9 0.300 15 46 1880 466 956 4.7 
17 3.7 0.260 10 20 774 63 284 5.6 
18 4.2 0.440 13 66 2017 768 897 4.4 
19 4.3 0.380 8 38 962 88 706 4.7 
20 5.2 0.520 9 29 2030 704 882 2.1 
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Table 1. Continued 
Soil Exchangeable bases 
No. CEC Na K Ca Mg Clay Sand Moisture^ 
cmol(+)/kg soil % 
1 10.5 0.0 0.4 6.1 1.4 14 53 11 
2 14.0 0.0 0.3 8.9, 1.1 17 33 12 
3 17.8 0.1 0.4 D 6.3 18 4 23 
4 18.6 0.1 0.5 9.2 1.9 23 5 8 
5 19.5 0.0 0.5 15.0 2.6 16 33 29 
6 25.9 0.0 1.0 10.0 3.9 23 31 27 
7 35.0 0.0 0.5 — 1.2 28 4 23 
8 25.8 0.0 1.5 16.2 2.1 21 40 28 
9 34.8 0.1 0.4 — 1.9 29 27 32 
10 40.0 0.0 0.5 
— 
1.5 32 21 33 
11 29.0 0.1 0.4 18.7 6.3 24 46 18 
12 9.0 0.1 0.2 1.4 0.3 5 74 20 
13 33.2 0.1 4.8 15.2 4.5 23 32 29 
14 36.8 0.1 0.8 7.6 2.5 21 33 42 
15 42.0 0.1 4.9 5.8 2.2 39 23 47 
16 34.8 0.1 0.9 8.0 1.7 38 28 39 
17 25.6 0.1 0.1 0.4 1.8 66 12 42 
18 49.8 0.1 4.9 17.7 1.8 23 40 48 
19 41.6 0.1 0.5 17.6 2.0 39 26 42 
20 51.0 0.1 1.3 15.1 2.1 25 38 68 
^At sampling. 
^Contained free CaCOg. Exchangeable Ca was not determined. 
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oxidation method and in soil extracts obtained with a solution 
containing 500 mg/L as Ca(H2PO^)2» respectively, as described by 
Tabatabai (1982b). The inorganic SO^ ~-S extracted was determined by 
ion chromatography (Dick and Tabatabai, 1979). The cation exchange 
capacity was measured by the method of Chapman (1965). Exchangeable 
K, Ca, and Mg were determined by using IM neutral NH^OAc as described 
by Heald (1965) and Pratt (1965), and particle-size distribution by the 
pipette method of Kilmer and Alexander (1949). Organic C, total N, 
total P, inorganic P, and total S were performed on the <80-mesh 
samples. All other analyses were carried out by using the <2-mm soil 
samples. All results reported are on a moisture-free bases, moisture 
being determined from loss in weight after drying at 105°C for 48 h. 
Six enzymes involved in cycling of C, N, P, and S were assayed in 
the soils used (Tables 2 and 3). These enzymes were (i-glucosidase, 
araidase, urease, acid phosphatase, phosphodiesterase, and arylsulfatase. 
With the exception of amidase, which was assayed by the method of 
Frankenberger and Tabatabai (1980), all other enzyme activities were 
assayed as described by Tabatabai (1982a). 
Soils used in Part II 
The soil samples used in Part II were surface samples (0-15 cm) 
collected from three long-term rotation experiments in Iowa (Table 4). 
The samples, 44 in total, were obtained in June and July 1987. They 
belong to different soil types under rotation practices and different 
fertilization regimes. The samples were prepared and stored as 
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Table 2. Enzyme activities of Iowa soils^ 
Enzyme activity^ 
Soil (i-Glu Am Ur AP Phd Aryl 
Hayden 52 108 17 118 8 17 
Luther 57 128 20 86 15 32 
Fayette 104 180 76 115 71 93 
Tama 85 248 23 154 16 38 
Lester 162 674 83 237 99 164 
Clarion 137 621 46 199 53 143 
Muscatine 123 300 177 134 119 184 
Nicollet 246 588 58 227 71 152 
Harps 244 454 134 151 139 232 
Canisteo 164 526 267 172 151 355 
^Assayed as described by Tabatabai (1982a) and Frankenberger and 
Tabatabai (1980). 
^(i-Glu, (i-glucosidase activity (yg £-nitrophenol released/g soil/h; 
Am, amidase activity (pg NH^^-N formed/g soil/2 h; Ur, urease activity 
(lig NH^^-N formed/g soil/2 h); AP, acid phosphatase activity (yg 
2rnitrophenol released/g soil/h); Phd, phosphodiesterase activity (yg 
2rnitrophenol released/g soil/h); Aryl, arylsulfatase activity 
(pg jo-nitrophenol released/g soil/h). 
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Table 3. Enzyme activities of Costa Rica soils^ 
Enzyme activity^ 
Soil (i-Glu Am Ur AP Phd Aryl 
Taboga 19 190 52 174 14 13 
Rancho Redondo 19 276 27 107 16 63 
El Viejo 84 308 62 209 31 33 
Diamantes 51 366 48 184 21 59 
Catie 48 405 133 182 21 55 
Hacienda Vieja 84 348 62 223 22 67 
La Pinera 29 385 40 173 7 31 
Finca Sacramento 105 407 29 301 22 56 
Estacion 69 442 31 239 23 52 
San Josecito 61 256 44 150 19 91 
^Assayed as described by Tabatabai (1982a) and Frankenberger and 
Tabatabai (1980). 
^(i-Glu, (i-glucosidase activity (ng £-nitrophenol released/g soil/h; 
Am, amidase activity (yg NH^^-N formed/g soil/2 h; Ur, urease activity 
(ng NH^^-N formed/g soil/2 h); AP, acid phosphatase activity (yg 
£-nitrophenol released/g soil/h); Phd, phosphodiesterase activity (ng 
2rnitrophenol released/g soil/h); Aryl, arylsulfatase activity 
(yg p^nitrophenol released/g soil/h). 
Table 4. Locations, soil types, and fertilizer treatments of the rotation experiments sampled 
Research 
center Soil type 
Year 
expt. 
started Rotation^ 
N . 
fertilizer 
kg/ha 
Clarion-Webster 
at Kanawha 
Webster silty clay loam 1954 Continuous corn 
Corn-soybean-corn-soybean 
Corn-oat-meadow-meadow 
0 or 180 
0 or 180 
0 or 180 
Galva-Primghar 
at Sutherland 
Galva silt loam 1957 Continuous corn 
Corn-soybean-corn-soybean 
Corn-oat-meadow-meadow 
0 or 200f 
0 or 200 
0 or 130 
Northeast 
at Nashua 
Readlyn loam 1978 Continuous corn 
Corn-soybean 
Corn-corn-oat-meadow 
0 or 180 
0 or 180 
0 or 180 
^Samples were taken after corn. 
'^Applied to corn plots only. All plots received annual application of 29 kg/ha of P (60 lb/Ac 
of PgO^) and 56 kg/ha of K (60 lb/Ac of KgO). 
''ISO kg/ha prior to 1983. 
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described in Part I and characterized by analyzing for organic C 
(Mebius, 1960) and pH (soil:water ratio 1:2.5) (Table 5). 
Crop Residues 
Two crop residues [com and soybean (Glycine max (L.) Merr.)] and 
alfalfa (Medicago sativa L.) were used in Parts I and II. The corn 
material was collected just before harvest and included leaves and 
stems. The soybean material was collected just after harvest. The 
alfalfa was harvested fresh. All plant materials were dried at 65°C 
for 48 h and ground to pass a 20-mesh sieve (850 pm). For simplicity, 
hereinafter "crop residue" will be used to include all the plant 
materials studied. 
The analyses of the crop residues studied are reported in Table 
6. In the analyses reported, organic C was determined by the method 
of Mebius (1960), total N by digestion in a Folin-Wu tube with salicylic 
acid and salt catalyst to include NO^" (Nelson and Sommers, 1973) and 
NH^^-N and NO^ -N by steam distillation (Keeney and Nelson, 1982). 
The enzyme activities of the crop residues (Table 7) were assayed 
by the methods described by Tabatabai (1982a) and by Frankenberger and 
Tabatabai (1980). 
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Table 5. Organic C and pH of the soils sampled from long-term rotation 
experiments 
Research^ 
Crop 
rotar 
tionb 
N-
treat- Organic C (%) pH 
center ment RepI RepII RepIII RepI RepII RepIII 
Kg/ha 
Clarion-
Webster 
at Kanawha 
CCCC 
cccc 
CSbCSb 
CSbCSb 
0 
180 
0 
180 
2.89 
3.38 
3.35 
3.04 
3.05 
3.30 
3.17 
3.26 
c 
6.63 
5.74 
6.84 
6.01 
6.88 
5.73 
6.94 
5.94 
COMM 
COMM 
0 
180 
3.34 
3.26 
3.33 
3.82 
6.23 
6.06 
6.28 
5.68 
Galva-
Primghar 
CCCC 
CCCC 
0 
200 
2.25 
2.42 
2.26 
2.46 
6.39 
5.64 
6.44 
5.92 
at 
Sutherland 
CSbCSb 
CSbCSb 
0 
200 
2.48 
2.44 
2.35 
2.29 
6.12 
6.05 
6.29 
6.09 
COMM 
COMM 
0 
130 
2.52 
2.71 
2.38 
2.49 
6.19 
6.17 
6.34 
6.14 
Northeast 
at Nashua 
CCCC 
CCCC 
0 
180 
1.91 
1.97 
1.83 
1.86 
2.04 
1.99 
6.49 
6.35 
6.60 
6.19 
6.45 
6.17 
CSbCSb 
CSbCSb 
0 
180 
1.90 
1.99 
1.56 
1.82 
2.06 
1.92 
6.62 
6.17 
6.80 
6.54 
6.55 
6.26 
CCOM 
CCOM 
0 
180 
1.76 
2.01 
1.98 
1.90 
1.86 
1.80 
6.54 
6.33 
6.53 
6.20 
6.47 
6.33 
^Kanawha, Webster silty clay loam; Sutherland, Galva silt loam; 
Nashua, Readlyn loam. 
= corn; Sb = soybean; 0 = oats; M = meadow. 
^Not sampled. 
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Table 6. Properties of crop residues used^ 
Crop 
residue 
Organic Total Inorganic N 
C N NH/ NO3 C/N 
Alfalfa 39.9 
-%— 
2.83 
rag/kg 
476 65 14.4 
Corn 40.1 0.70 48 23 57.9 
Soybean 43.8 1.24 60 18 35.6 
^Determined by Fu et al. (1987). 
Table 7. Enzyme activities of crop residues used 
Crop Enzyme activity^ 
residue (i-Glu Am Ur AP Phd Aryl 
Alfalfa 234 18 5 1435 186 3 
Corn 63 21 2 77 39 0 
Soybean 148 10 14 74 106 1 
^(i-Glu, (i-glucosidase activity (pg £;-nitrophenol released/22.4 mg 
residue/h); Am, araidase activity (yg NH^^-N formed/22.4 mg residue/2 h); 
Ur, urease activity (ng formed/22.4 mg residue/2 h); AP, acid 
phosphatase activity (ug g-nitrophenol released/22.4 mg residue/h); Phd, 
phosphodiesterase activity (pg ^ -nitrophenol released/22.4 mg 
residue/h); Aryl, arylsulfatase activity (yg £-nitrophenol released/22.4 
mg residue/h). 
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PART I. EFFECT OF REDOX POTENTIAL ON 
ENZYME ACTIVITIES OF SOILS 
39 
INTRODUCTION 
Although numerous studies have been done on soil enzymes, little 
information is available on the effect of redox potential and crop 
residue addition on enzyme activities of soils. Soils that contain 
excess water are widespread, ranging from completely waterlogged soils, 
such as padi soils, to those in vrtiich imperfect drainage causes a 
localized buildup of water (Ponnamperuma, 1972; Rowell, 1981). 
Waterlogging a soil instantly sets in motion a series of chemical 
and microbiological processes that affect nutrient cycling and 
accumulation of toxins. In addition to retardation of gaseous exchange 
between soils and air, waterlogging results in: (1) changes to 
microbial populations, (2) decrease in soil Eh, and (3) electrochemical 
and chemical changes. In the absence of 0^, anaerobic microorganisms 
utilize oxidized soil components, such as NOg", MnO^, Fe(OH)g, S0^^~ 
and dissimilation products of organic matter as electron acceptors in 
their respiration. This is especially true when organic materials, such 
as crop residues, are added to soils. Among important electrochemical 
changes that accompany the reduction of soils are: (1) a decrease in 
redox potential, and (2) a change in pH. Changes in redox potential 
should have marked effects on enzyme activities in soils because, in 
addition to changes in microbial populations and adaptation to the 
reduced environment as well as de novo enzyme synthesis, the reduced 
metal ions produced could serve as inhibitors or activators of enzymes. 
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There has been considerable interest in the chemistry of reduced 
soils, especially in redox reactions, but, until recently, these studies 
have not been extended to include enzyme-catalyzed reactions in soils 
(Pulford and Tabatabai, 1988). A number of studies have been carried 
out on the hydrolysis of fertilizer materials (Delaune and Patrick, 
1970; Hossner and Phillips, 1971; Savant et al., 1985; Dick and 
Tabatabai, 1986). In all such studies, however, only the changes in 
concentration of the reaction products are measured. 
Recent work by Pulford and Tabatabai (1988) showed that the 
percentage changes in the activity of phosphatases after waterlogging 
of 10 Iowa surface soils at 22°C for 7 days ranged from -59 to 2% for 
acid phosphatase, from -51 to 64% for alkaline phosphatase, from -16 
to 192% for phosphodiesterase, and from -70 to -19% for pyrophosphatase. 
Urease activity decreased from -66 to -19% (avg. = -50%), but amidase 
activity increased from 0 to 71% (avg. = 31%). Waterlogging for 7 days 
resulted in arylsulfatase activity decreases ranging from -31 to -5% 
(avg. = -21%) and (i-glucosidase activity changes from -43 to 43%. Acid 
phosphatase, alkaline phosphatase, urease, and arylsulfatase activities 
were significantly correlated, whereas phosphodiesterase and amidase 
activities were significantly, but negatively, correlated with Eh^. 
Pulford and Tabatabai (1988) concluded that waterlogging of soils 
markedly affects the reaction rate of enzymes and, possibly, nutrient 
cycling. 
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In this study, the effect of redox potential on the activity of 
six enzymes involved in C, N, P, and S cycling in soils was studied. 
Soils of Iowa and Costa Rica were waterlogged and incubated at 25°C for 
various times and the enzymes were assayed under optimum pH values after 
determining the Eh and pH of the system. 
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DESCRIPTION OF METHODS 
Soils from Iowa and Costa Rica covering a wide range of properties 
(Table 1) were used to measure redox potential (Eh), pH, and enzyme 
activities under waterlogged condtitions. In order to set waterlogged 
conditions, 8 mL of degassed-deionized water were added to 2 g of soil 
(<2 mm) placed in a 50-mL plastic centrifuge tube and, after swirling 
for a few seconds, stoppered and preincubated at 25°C for times ranging 
from 0 to 6 days. Eh was measured by using a Pt/calomel redox 
combination electrode (Corning Cat. No. 476064), and pH was measured 
by using a glass combination electrode. In both cases, the electrode 
was placed into the soil suspension in the centrifuge tube. Redox 
potential was normalized to pH 7 by using a conversion factor of -60 
mV per unit of pH below 7 and +60 mV per unit of pH above 7. The value 
60 mV is equal to the term 2.203RT/F at 30°C, where R is the gas 
constant, T is temperature(K), and F is Faraday constant. This is a 
commonly accepted conversion factor, although the precise figures vary 
depending on soil type (Bohn et al., 1979). It is important to 
normalize Eh values in this type of work because Eh will vary with pH. 
This normalization permits comparison of results obtained from different 
experiments. These measurements were carried out in duplicate at room 
temperature (22°C). 
The activities of (i-glucosidase, amidase, urease, acid phosphatase, 
phosphodiesterase, and arylsulfatase were assayed in 2 g of soil 
incubated as described above for Eh measurements. The strengths of 
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buffers (1 mL) used were adjusted to give the required buffer concen­
trations in the final assay mixtures. In all enzyme assays, 1 mL of 
the substrate was added to give the final concentration required. 
P»-Glucosidase activity was determined by the method described by 
Tabatabai (1982a). This method is based on colorimetric determination 
of the 2rnitrophenol (PN) released by ft-glucosidase when soil is 
incubated with buffered (pH 6.0) £-nitrophenyl-lb-D-glucoside and 
toluene. The incubation is carried out at 37°C for 1 h. The PN 
released is extracted by filtration after addition of CaClg solution 
and tris(hydroxymethyl)aminomethane (THAM) solution (pH 12). 
Amidase activity was assayed by the method described by 
Frankenberger and Tabatabai (1980). This method involves determination 
by steam distillation of the produced by amidase activity when soil 
is incubated for 2 h with buffered THAM pH 8.5, amide solution and 
toluene at 37°C, after stopping the reaction with potassium chloride-
uranylacetate solution. 
The urease activity was measured using the method developed by 
Tabatabai and Bremner (1972). This method involves determination of 
released by urease activity when soil is incubated with buffered 
urea solution, THAM pH 9, and toluene for 2 h; NH^^ released was 
determined by a rapid procedure involving treatment of the incubated 
soil sample with KCl solution containing a urease inhibitor (AggSO^) 
and steam distillation of an aliquot of the resulting soil suspension 
with MgO for 3.3 min. 
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Acid phosphatase activity was assayed by the method described by 
Tabatabai and Bremner (1969). This method involves colorimetric 
estimation of the PN released by acid phosphatase activity when soil 
is incubated with buffered (pH 6.5) sodium £_-nitrophenyl phosphate 
solution and toluene at 37°C for 1 h. 
Phosphodiesterase activity was determined by the method described 
by Browman and Tabatabai (1978). This method involves extraction and 
colorimetric determination of the PN released when soil is incubated 
with buffered bis-^-nitrophenyl phosphate solution, THAM pH 8, at 37°C 
for 1 h. 
Arylsulfatase activity was assayed in soil by the method of 
Tabatabai and Bremner (1970a). This method involves colorimetric 
determination of the PN released by arylsulfatase activity when soil 
is incubated with buffered (pH 5.8) potassium £_-nitrophenyl sulfate 
solution and toluene at 37°C for 1 h. 
The effect of crop residue (Tables 6 and 7) addition on the 
activity of the enzymes mentioned were studied in Lester and Harps soils 
of Iowa and El Viejo and Finca Sacramento soils of Costa Rica (<2 mm) 
(Table 1) treated with crop residues at the rates of 22.4 mg/g of soil 
(equivalent to 50 metric tons per hectare) and 44.8 mg/g of soil pre-
incubated under waterlogged conditions, as described before, for 3 days 
at 25°C. The procedures for determination of Eh, pH, and enzyme 
activities were the same as those described before. All enzyme assays 
were carried out in duplicate and one control and are expressed on 
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moisture-free bases, moisture being determined after drying at 105°C 
for 48 h. 
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RESULTS AND DISCUSSION 
Effect of Redox Potential on Enzyme Activities of Soils 
The redox potential (Ehy) under waterlogged conditions changed with 
time of preincubation, depth of waterlogging, and type of soil. It was 
possible to obtain a marked decrease in the Eh values of the soils when 
they were preincubated under waterlogged conditions at 25°C for times 
ranging from 2 to 6 days, and these changes were more marked when 2 g 
of soil were preincubated with 10 mL of water instead of 5 mL of water 
as shown for three surface soils from Iowa, Costa Rica, and Chile 
(Figures 3 and 4). The results are similar to those reported by 
Ponnamperuma (1972), Savant et al. (1985), and Rowell (1981). 
(i-Glucosidase activity was, in general, higher in the Iowa soils 
(ranging from 40 to 237 ng PN released/g soil/h) than in Costa Rica 
soils (ranging from 14 to 96 ng PN released/g soil/h) (Figures 5 and 
6). In both groups of soils there was a tendency for this enzyme 
activity to increase as redox potential increased. In the case of Iowa 
soils, it was possible to separate the soils into three groups: soils 
with low organic C contents (<1.5% C), Hayden and Luther soils, showed 
(i-glucosidase activities ranging from 40 to 61 yg PN released/g soil/h. 
Soils with high organic C contents (>3.6% C), Nicollet and Harps soils, 
showed (i-glucosidase activities ranging from 171 to 237 yg PN released/g 
soil/h. The third group of soils was intermediate in organic C contents 
and contained (i-glucosidase activities ranging from 76 to 157 yg PN 
released/g soil/h when the soils were preincubated at 25°C for times 
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Figure 3. Relationship between Ehy and time of preincubation of soils 
under waterlogged conditions at 25°C (2 g soil and 5 mL water 
in a 50-mL centrifuge tube). Agua del Gato soil is a Typic 
Pelloxerert from Chile (Rojas, 1986) 
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o Nicollet soil 
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Figure 4. Relationship between Eh_ and time of preincubation of soils 
under waterlogged conditions at 25°C (2 g soil and 10 mL 
water in a 50-mL centrifuge tube). Agua del Gato soil is 
a Typic Pelloxerert from Chile (Rojas, 1986) 
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Iowa soils 
r=-0.01 
r=-0.09 
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REDOX POTENTIAL, Ehy (mV) 
Figure 5. Effect of Ehy on (i-glucosidase activity of Iowa surface 
soils. FN, jg_-nitrophenol. For soil identification, see 
Table 8 
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Costa Rica soils 
22 200 
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REDOX POTENTIAL, Ehy (mV) 
Figure 6. Effect of Eh^ on (i-glucosidase activity of soils from Costa 
Rica. PN, £_-nitrophenol. For soil identification, see Table 
8 
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Table 8. Symbols used to designate the results of Iowa and Costa Rica 
soils shown in Figures 5 to 16 
Symbol Iowa soil Costa Rica soil 
• Hayden Taboga 
o Luther Rancho Redondo 
© Fayette El Viejo 
o Tama Diamantes 
€ 
Lester CATIE 
Clarion Hacienda Vieja 
• Muscatine La Pinera 
A Nicollet Finca Sacramento 
a Harps Estacion 
A Canisteo San Josecito 
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ranging from 0 to 6 days. Only the third group of soils showed 
positive, but not significant, correlation (r = 0.32) between 
(i-glucosidase activity and redox potential (Figure 5). These results 
are similar to those reported by Pulford and Tabatabai (1988). Their 
results showed no clear trend nor significant correlation between 
(i-glucosidase activity and redox potential, and the results for four 
Iowa surface soils that they reported showed that (i-glucosidase activity 
was related to organic C in soils. 
In the case of the Costa Rica soils, the lowest B-glucosidase 
activity was found in Taboga and Rancho Redondo soils; the redox 
potential of these soils changed very little after waterlogging and 
preincubation. The Finca Sacramento soil, which contains the highest 
organic C (4.2% C), contained the highest (i-glucosidase activity. 
Considering all the Costa Rica soils, (i-glucosidase activity was 
significantly correlated (r = 0.53**, £<0.01) with Eh^ (Figure 6). The 
initial activity of this enzyme is due to its accumulation in soils 
(Kiss et al., 1975). When the system shifts from aerobic to a system 
low in Og, (i-glucosidase activity is decreased. This decrease in the 
activity of this enzyme is due either to degradation of the accumulated 
enzyme by protease or its inhibition by reduced metal ions produced by 
waterlogging of soils. 
The relationship between amidase activity and redox potential of 
10 Iowa surface soils preincubated under waterlogged conditions at 25°C 
for times ranging from 0 to 6 days is shown in Figure 7. The 
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Figure 7. Effect of Eh^ on amidase activity of Iowa surface soils. 
FN, £_-nitropnenol. For soil identification, see Table 8 
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corresponding relationship for 10 Costa Rica surface soils is shown in 
Figure 8. Although amidase activity was not significantly correlated 
with Eh of the Costa Rica soils, the activity of this enzyme was 
significantly correlated with Eh of the Iowa surface soils studied 
(Figures 7 and 8). The Iowa soils, however, were grouped into three 
separate groups. Those with low organic C (Hayden and Luther soils) 
showed amidase activity values ranging from 65 to 106 |jg NH^^-N formed/ 
g soil/2 h, with a significant correlation (r = 0.85**, P<0.01) for the 
relationship between amidase activity and Eh. The second group was 
intermediate in enzyme activities, ranging from 102 to 299 pg NH^^-N 
formed/g soil/2 h (Fayette, Harps, Muscatine, and Tama soils), and 
showed a correlation coefficient of r = 0.66** for the relationship 
between amidase activity and Eh. The third group of soils (Canisteo, 
Clarion, Lester, and Nicollet soils) contained the highest amidase 
activity, ranging from 361 to 517 ijg NH^'^-N formed/g soil/2 h, and 
organic C >3.4%. Amidase activity was also significantly correlated 
with Eh in this group of soils with r = 0.62**. 
The lack of relationship between amidase activity and Eh of the 
Costa Rica soils is of interest, because it appears that the chemistry 
of these highly weathered soils is such that little changes in Eh occurs 
upon waterlogging. Although the amidase activity values of these soils 
ranged from 140 to 526 yg NH^^-N formed/g soil/2 h, the Eh^ remained 
relatively constant between 300 to 400 mV when the soils were preincu-
bated under waterlogged conditions at 25°C for times ranging from 0 to 
6 days. 
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Figure 8. Effect of Eh_ on amidase activity of soils from Costa Rica. 
PN, £_-nitropnenol. For soil identification, see Table 8 
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The effect of Eh on urease activity of 10 Iowa surface soils 
preincubated under waterlogged conditions at 25°C for times ranging from 
0 to 6 days is shown in Figure 9. The corresponding effect for 10 Costa 
Rica surface soils is shown in Figure 10. Urease activity values for 
the Iowa soils ranged from 9 to 257 pg formed/g soil/2 h, and 
it was possible to distinguish three groups of soils: soils with low 
urease activity values, ranging from 9 to 43 ug formed/g soil/2 h 
(Clarion, Hayden, Luther, and Tama soils). The Eh values of these soils 
ranged from 300 to 420 mV, and there was no relationship between these 
values and urease activity in this group of soils (Figure 9). The 
second group of soils (Clarion, Harps, Muscatine, Nicollet, and Lester 
soils) showed intermediate urease activity values, ranging from 53 to 
161 ng NH^^-N formed/g soil/2 h. The urease activity values of this 
group of soils were significantly correlated (r = 0.58**) with Eh 
values; as the Eh values decreased, the urease activity decreased, 
suggesting possible inhibition of urease by the reduced metal ions 
produced in soils upon waterlogging. Finally, the Canisteo soil showed 
urease activity values ranging from 174 to 257 pg NH^^-N formed/g soil/ 
2 h and Ehy values ranging from -20 to 400 mV when this soil was pre­
incubated under waterlogged conditions at 25°C for times ranging from 
0 to 6 days. Although urease activity was correlated with Eh^ for this 
soil (r = 0.916), this relationship was not significant at P<10% 
(Figure 9). 
The urease activity values of the soils from Costa Rica ranged from 
10 to 61 pg NH^^-N formed/g soil/2 h and were significantly correlated 
57 
8 
buO 
"S 
4- ^  
CuO 
i 
lowa sais 
r=0.58' 
r=-0.02 
0 100 200 300 400 
REDOX POTENTIAL, Ehy (mV) 
Figure 9. Effect of Eh^ on urease activity of Iowa surface soils. FN, 
£_-nitrophenol. For soil identification, see Table 8 
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Costa Rica soils 
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Figure 10. Effect of Eh^ on urease activity of soils from Costa Rica. 
PN, £-nitropnenol. For soil identification, see Table 8 
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with Eh (Figure 10). The urease activity values of the soils from Costa 
Rica were, in general, lower than those of the Iowa soils. The Ehy of 
the Costa Rica soils ranged from 250 to 450 mV, when preincubated under 
waterlogged conditions for times ranging from 0 to 6 days. As was 
amidase activity, the urease activity was associated with organic 
matter; i.e., amidase and urease activity values increased with an 
increase of organic C. These results agree with those found by Franken-
berger and Tabatabai (1981a) for amidase and those found by Pulford and 
Tabatabai (1988) for urease in waterlogged Iowa soils. The decrease 
in urease activity upon waterlogging of soils is similar to that 
reported by Delaune and Patrick (1970) when rice soils were incubated 
under waterlogged conditions in the laboratory. 
The acid phosphatase activities of the Iowa soils ranged from 53 
to 254 vig FN released/g soil/h, and the Ehy values ranged from 0 to 450 
mV when the soils were preincubated under waterlogged conditions at 25°C 
for times ranging from 0 to 6 days. Results showed that acid phospha­
tase activities of the Iowa soils were significantly correlated with 
Ehy for soils containing >3.4% organic C (Figure 11). However, the 
soils were clustered in three groups: low organic C soils (organic C 
<1.6%, Fayette, Hayden, and Luther soils), with activity values ranging 
from 53 to 95 ug FN released/g soil/h. The correlation coefficient for 
the relationship between acid phosphatase activity and Ehy values of 
this group of soils was r = 0.35. The second group of soils consisted 
of Harps, Muscatine, and Tama soils with organic C ranging from 2.2 to 
4.0% and acid phosphatase activity values ranging from 107 to 153 pg FN 
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Figure 11. Effect of Eh^ on acid phosphatase activity of Iowa surface 
soils. FN, £;-nitrophenol. For soil identification, see 
Table 8 
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released/g soil/h. The correlation coefficient of the linear relation­
ship between acid phosphatase activity and Ehy values of this group of 
soils was r = 0.49. The third group of soils consisted of Clarion, 
Canisteo, Lester, and Nicollet soils with organic C ranging from 3.4 
to 4.4% and acid phosphatase activity values ranging from 100 to 270 
Ug PN released/g soil/h. The correlation coefficient of the linear 
relationship between acid phosphatase activity and Eh^ values of this 
third group was r = 0.81**. The slope of the regression line was the 
lowest for the first group and the highest for the third group of soils. 
The relationship between acid phosphatase activity values and Ehy for 
the Iowa soils is similar to that reported by Pulford and Tabatabai 
(1988). 
The acid phosphatase of the soils from Costa Rica ranged from 114 
to 287 iJg PN released/g soil/h, and the Ehy values ranged from about 
220 to 450 mV when the soils were preincubated under waterlogged condi­
tions at 25°C for times ranging from 0 to 6 days. Contrary to the 
results obtained for the Iowa surface soils (Figure 11), acid phospha­
tase activities of the soils from Costa Rica were significantly, but 
negatively, correlated with Ehy (r = -0.35*) (Figure 12). The acid 
phosphatase activity values were closely associated with the organic 
matter of soils, both in the Iowa soils and those from Costa Rica. 
Similar results were reported by Speir (1977) for surface soils of 
grasslands in New Zealand. 
The phosphodiesterase activity values of the Iowa soils and those 
from Costa Rica ranged from 4 to 214 and from 12 to 63 yg PN released/ 
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Figure 12. Effect of Eh- on acid phosphatase activity of soils from 
Costa Rica. PN, £-nitrophenol. For soil identification, 
see Table 8 
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g soil/h, respectively. The corresponding Ehy values ranged from -20 
to 450 mV and from 300 to 450 mV when the soils were preincubated under 
waterlogged conditions at 25°C for times ranging from 0 to 6 days. 
Phosphodiesterase activity was significantly, but negatively, correlated 
with Eh^ (r = -0.66***) when only seven Iowa soils were considered, and 
it was negatively, but not significantly, correlated (r = -0.21) for 
the soils of Costa Rica (Figures 13 and 14). The results confirm those 
found by Pulford and Tabatabai (1988) for the relationship between 
phosphodiesterase activity values and Ehy of four Iowa surface soils. 
The increase in phosphodiesterase activity as a result of the reduction 
of the system could be due to the release of reduced metals that acted 
as an activator of this enzyme or due to synthesis of new enzymes by 
microorganisms more adaptive to the reduced soil environment. 
The arylsulfatase activity of the Iowa soils ranged from 13 to 223 
lig FN released/g soil/h and those of the soils from Costa Rica ranged 
from 12 to 119 wg PN released/g soil/h. The corresponding ranges of 
the redox potentials of the two groups of soils were from 25 to 440 mV 
and from 277 to 456 mV, respectively, when the soils were preincubated 
under waterlogged conditions at 25°C for times ranging from 0 to 6 days. 
Arylsulfatase activity was positively, but not significantly, correlated 
with Eh of the two groups of soils (Figures 15 and 16). The activity 
of this enzyme was closely related to the organic C content of the soil 
(see Table 1 and results of arylsulfatase activity reported in the 
Appendix). This increase in arylsulfatase activity with increasing 
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Figure 13. Effect of Eh, on phosphodiesterase activity of Iowa surface 
soils. PN, £-nitrophenol. For soil identification, see 
Table 8 
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Figure 14. Effect of Eh, on phosphodiesterase activity of soils from 
Costa Rica. FN, 2;-nitrophenol. For soil identification, 
see Table 8 
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Figure 15. Effect of Ehy on arylsulfatase activity of Iowa surface 
soils. PN, £-nitrophenol. For soil identification, see 
Table 8 
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Figure 16. Effect of Eh- on arylsulfatase activity of soils from Costa 
Rica. PN, £_-nitrophenol. For soil identification, see 
Table 8 
68 
organic C is not surprising, because previous studies have shown that 
the activity of this and other enzymes increase with increasing organic 
C (Tabatabai and Bremner, 1970a, 1970b; Tabatabai, 1982a). The results 
obtained in this work support those reported by Pulford and Tabatabai 
(1988) for four Iowa surface soils showing that the decrease in redox 
potential after waterlogging of soils resulted in decreases in 
arylsulfatase activity. 
In general, the redox potential (Ehy) of the Iowa soils decreased 
with the time of waterlogging (see Appendix) and so did the activities 
of the different enzymes (see Appendix), except phosphodiesterase 
activity, which increased. The same trend was observed for the Costa 
Rica soils (see Appendix), the changes being less marked than those 
observed in Iowa soils. The lowest enzyme activities and lowest changes 
in Ehy values were associated with soils of low organic C and low pH 
in the Iowa soils, this trend was moderate in the case of the Costa Rica 
soils. On the other hand, higher activities were obtained in soils with 
high to moderate organic C content and high to moderate pH values. 
Despite this general trend of the data, when enzyme activity was plotted 
against redox potential, the soils did not follow one regression line 
because of the diversity of the properties of the soils studied. It 
seems advisable to cluster the soils according to their organic C 
contents and perhaps pH values in order to understand their behavior. 
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Effect of Crop Residue on Enzyme Activities and 
Redox Potentials of Soils 
In order to study the effect of crop residue addition on enzyme 
activities of soils maintained under waterlogged conditions for 3 days, 
two Iowa surface soils, Lester and Harps, and two soils of Costa Rica, 
El Viejo and Finca Sacramento, were selected (Table 1). Three different 
crop residues were used: alfalfa, corn, and soybean (Tables 6 and 7) 
at two different rates (22.4 mg/g and 44.8 mg/g) and a control. In 
addition to enzyme activities, redox potential and pH were also 
determined for separate waterlogged samples. 
Results of (i-glucosidase activity. Eh, and pH of Iowa soils and 
those from Costa Rica are shown in Tables 9 and 10, respectively. 
Although (i-glucosidase activity increased and Eh decreased markedly as 
crop residue addition increased, most of the increase in the activity 
of this enzyme was due to its activity in the added residue (Table 7). 
With addition of alfalfa and soybean residues, the measured activity 
in the crop-residue-treated soil was less than additive, suggesting that 
some (i-glucosidase activity added in the crop residue either degraded 
in the soil, was adsorbed by the soil constituents, or was inhibited 
by the metal ions or organic substances in soils. Work by Dick et al. 
(1983) showed that a major portion of phosphatase in plant roots 
introduced into the soil environment is rapidly degraded by soil 
protease or inhibited by soil constituents or both. 
The decrease in the pH values as a result of the addition of crop 
residues and preincubation under waterlogged conditions is probably the 
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Table 9. Effect of crop residue addition on (i-glucosidase activity, 
redox potential, and pH of two Iowa surface soils preincu-
bated at 25°C under waterlogged conditions for 3 days 
Redox 
Residue treatment (i-Glucosidase potential, 
Soil Crop Rate^ activity^ Ehy pH 
mg/g mV 
Lester Alfalfa 0 101 (157) 276 6.71 
22.4 214 -138 6.37 
44.8 422 -140 6.11 
Corn 0 101 276 6.71 
22.4 168 -129 6.75 
44.8 205 -126 6.54 
Soybean 0 101 276 6.71 
22.4 217 -133 6.68 
44,8 282 -125 6.67 
Harps Alfalfa 0 57 (237) 354 7.36 
22.4 231 -81 6.59 
44.8 365 -64 6.39 
Corn 0 57 354 7.36 
22.4 127 -26 6.80 
44.8 164 -40 6.57 
Soybean 0 57 354 7.36 
22.4 203 -18 6.74 
44.8 320 -39 6.57 
The rate 22.4 mg/g = 50 mt/ha. A soil sample (2 g, <2 ram) in a 
50-raL plastic centrifuge tube was mixed with crop residue at the rate 
indicated and treated with 8 mL of deionized water, mixed, stoppered, 
and incubated at 25°C for 3 days. Enzyme activity, pH, and redox 
potential were determined as reported under the section on Description 
of Methods. 
^(i-Glucosidase activity = ng _g;-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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Table 10. Effect of crop residue addition on (i-glucosidase activity, 
redox potential, and pH of two surface soils from Costa Rica 
preincubated at 25°C under waterlogged conditions for 3 days 
Redox 
Residue treatment (i-Glucosidase potential. 
Soil Crop Rate^ activity^ Eh^ pH 
mg/g mV 
El Viejo Alfalfa 0 81 (68) 284 6.57 
22.4 239 -111 6.48 
44.8 363 -132 6.33 
Corn 0 81 284 6.57 
22.4 97 -119 6.64 
44.8 169 -149 6.56 
Soybean 0 81 284 6.57 
22.4 152 -119 6.78 
44.8 313 -158 6.59 
Finca Alfalfa 0 79 (96) 264 6.37 
Sacramento 22.4 230 19 6.25 
44.8 290 -21 6.07 
Corn 0 79 264 6.37 
22.4 90 1 6.31 
44.8 128 -10 6.31 
Soybean 0 79 264 6.37 
22.4 119 31 6.38 
44.8 167 -23 6.40 
^The rate 22.4 mg/g = 50 mt/ha. For details, see footnote of Table 
9. 
^(i-Glucosidase activity = ug £-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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result of accumulation of organic acids and COg derived from the 
metabolic activity of the soil microorganisms (Tables 9 and 10) 
(Ponnamperuma, 1972; Katyal, 1977; Inubushi et al., 1984). 
Amidase activity of the crop-residue-treated and untreated soils 
after preincubation under waterlogged conditions for 3 days at 25°C 
ranged from 290 to 637 pg NH^^-N formed/g soil/2 h for the two Iowa 
surface soils and from 189 to 341 pg NH^^-N formed/g soil/2 h for the 
two soils from Costa Rica (Tables 11 and 12). The corresponding Eh^ 
values ranged from -167 mV to 350 mV and from -148 to 290 mV, respec­
tively, and it decreased with increasing crop residue treatments. As 
with the Eh values, the pH values generally decreased with increasing 
the amount of crop residue added. 
Unlike (i-glucosidase activity (Tables 9 and 10), amidase activity 
decreased as the amount of crop residue added increased (Tables 11 and 
12). The crop residues used contained very little amidase activity 
(Table 7) and probably did not contribute much to the activity found 
in the crop-residue-treated soils. This decrease in amidase activity 
could be due to either its degradation by soil protease or inhibition 
by reduced metal ions produced under waterlogging of soils. 
Although the crop residue used contained very low urease activity 
(Table 7), the activity of this enzyme increased as the rate of crop 
residue addition increased and the soils preincubated under waterlogged 
conditions at 25°C for 3 days (Tables 13 and 14). In general, the 
soybean residue lead to greater increases in urease activity in the two 
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Table 11. Effect of crop residue addition on amidase activity, redox 
potential, and pH of two Iowa surface soils preincubated at 
25°C under waterlogged conditions for 3 days 
Redox 
Residue treatment Amidase potential, 
Soil Crop Rate^ activity^ Ehy pH 
mg/g mV 
Lester Alfalfa 0 637 (516) 278 6.71 
22.4 560 -134 6.35 
44.8 413 -167 6.01 
Corn 0 637 278 6.71 
22.4 575 -137 6.65 
44.8 569 -121 6.52 
Soybean 0 637 278 6.71 
22.4 551 -133 6.65 
44.8 540 -135 6.54 
Harps Alfalfa 0 362 (299) 350 7.32 
22.4 319 -94 6.48 
44.8 290 -82 6.24 
Corn 0 362 350 7.32 
22.4 322 -37 6.65 
44.8 320 -44 6.51 
Soybean 0 362 350 7.32 
22.4 345 -19 6.71 
44.8 324 -49 6.46 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
^Amidase activity = ;ig NH,^-N formed/g soil/2 h. Figure in 
parentheses is the activity before preincubation. 
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Table 12. Effect of crop residue addition on amidase activity, redox 
potential, and pH of two surface soils from Costa Rica pre-
incubated at 25°C under waterlogged conditions for 3 days 
Soil 
Residue treatment 
Crop Rate^ 
Amidase 
activity^ 
Redox 
potential, 
Ehy pH 
mg/g mV 
El Viejo Alfalfa 0 341 (235) 290 6.57 
22.4 245 -109 6.48 
44.8 212 -139 6.24 
Corn 0 341 290 6.57 
22.4 215 -119 6.64 
44.8 247 -127 6.48 
Soybean 0 341 290 6.57 
22.4 270 -121 6.77 
44.8 263 -148 6.47 
Finca Alfalfa 0 339 (429) 270 6.37 
Sacramento 22.4 298 8 6.24 
44.8 189 1 6.07 
Corn 0 339 270 6.37 
22.4 264 -1 6.30 
44.8 279 -45 6.20 
Soybean 0 339 270 6.37 
22.4 312 4 6.33 
44.8 262 -53 6.25 
®The rate 22.4 mg/g = 50 mt/ha. For details, see footnote of Table 
9. 
^Amidase activity = vig NH^^-N formed/g soil/2 h. Figure in 
parentheses is the activity in soil before preincubation. 
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Table 13. Effect of crop residue addition on urease activity, redox 
potential, and pH of two Iowa surface soils preincubated at 
25°C under waterlogged conditions for 3 days 
Redox 
Residue treatment Urease potential, 
Soil Crop Rate^ activity^ Ehy pH 
mg/g mV 
Lester Alfalfa 0 52 (119) 277 6.71 
22.4 119 -135 6.35 
44.8 125 -169 6.01 
Corn 0 52 277 6.71 
22.4 136 -146 6.65 
44.8 207 -126 6.52 
Soybean 0 52 277 6.71 
22.4 193 -141 6.65 
44.8 232 -138 6.54 
Harps Alfalfa 0 63 (148) 351 7,32 
22.4 76 -95 6.48 
44.8 100 -80 6.24 
Corn 0 63 351 7.32 
22.4 122 -37 6.65 
44.8 191 -44 6.51 
Soybean 0 63 351 7.32 
22.4 148 -16 6.71 
44.8 222 -54 6.46 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
'^Urease activity = ug NH^^-N released/g soil/2 h. Figure in 
parentheses is the activity in soil before preincubation. 
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Table 14. Effect of crop residue addition on urease activity, redox 
potential, and pH of two surface soils from Costa Rica pre-
incubated at 25°C under waterlogged conditions for 3 days 
Redox 
Residue treatment Urease potential. 
Soil Crop Rate^ activity^ Eh^ pH 
mg/g mV 
El Viejo Alfalfa 0 52 (70) 294 6.57 
22.4 120 -107 6.48 
44.8 120 -117 6.24 
Corn 0 52 294 6.57 
22.4 64 -117 6.64 
44.8 215 -141 6.48 
Soybean 0 52 294 6.57 
22.4 98 -120 6.77 
44.8 211 -128 6.47 
Finca Alfalfa 0 20 (45) 261 6.37 
Sacramento 22.4 20 12 6.25 
44.8 20 -12 6.07 
Corn 0 20 261 6.37 
22.4 21 0 6.31 
44.8 57 -36 6.31 
Soybean 0 20 261 6.37 
22.4 57 3 6.38 
44.8 76 -51 6.40 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
'^Urease activity = pg released/g soil/2 h. Figure in 
parentheses is the activity in soil before preincubation. 
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Iowa soils than the increases observed after addition of alfalfa or corn 
residue. All crop residues resulted in marked decreases in Eh and pH 
of the treated soils as compared with those of the untreated soils. 
The effect of crop residue addition on Eh and pH of the two Costa 
Rica soils were similar to that observed with the Iowa soils (Tables 
13 and 14), but urease activity did not increase when alfalfa was added 
to the Finca Sacramento soil. It appears that the chemistry of soil 
constituents has a significant effect on the production and persistence 
of enzyme activities in soils. 
The crop residues used contained a relatively significant amount 
of acid phosphatase activity, especially the alfalfa (Table 7). 
Although the acid phosphatase activity increased, Eh and pH decreased 
with increasing the rate of crop residue and preincubating the soil-crop 
residue system under waterlogged conditions at 25°C for 3 days (Tables 
15 and 16). This increase in acid phosphatase activity was not 
additive; i.e., the activity of this enzyme in soil plus that in the 
added crop residue did not equal to 100%. As a matter of fact, the 
results obtained with soils treated with corn and soybean residues were 
less than those of the untreated soils, suggesting that these crop 
residues induced the production of protease that degraded the soil acid 
phosphatase or that the reduced metal ions produced on waterlogging of 
soils inhibited the free and soluble plant acid phosphatase. The 
decrease in Eh and pH values were similar to those observed when the 
activity of the previously mentioned enzymes were studied. 
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Table 15. Effect of crop residue addition on acid phosphatase activity, 
redox potential, and pH of two Iowa surface soils preincu-
bated at 25°C under waterlogged conditions for 3 days 
Soil 
Residue treatment 
Crop Rate^ 
Acid 
phosphatase 
activity 
Redox 
potential, 
Eh^ pH 
mg/g raV 
Lester Alfalfa 0 
22.4 
44.8 
267 
961 
1108 
(247) 279 
-139 
-134 
6.71 
6.36 
6.61 
Corn 0 
22.4 
44.8 
267 
230 
219 
279 
-143 
-127 
6.71 
6.61 
6.53 
Soybean 0 
22.4 
44.8 
267 
218 
224 
279 
-131 
-128 
6.71 
6.70 
6.66 
Harps Alfalfa 0 
22.4 
44.8 
107 
828 
987 
(134) 351 
-85 
-73 
7.34 
6.54 
6,34 
Corn 0 
22.4 
44.8 
107 
119 
120 
351 
-34 
-40 
7.34 
6.70 
6.55 
Soybean 0 
22.4 
44.8 
107 
121 
126 
351 
-22 
-45 
7.34 
6.73 
6.51 
^The rate 22.4 mg/g = 50 rat/ha. For details see footnote of Table 
9. 
^Acid phosphatase activity = jjg £-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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Table 16. Effect of crop residue addition on acid phosphatase activity, 
redox potential, and pH of two surface soils from Costa Rica 
preincubated at 25°C under waterlogged conditions for 3 days 
Acid Redox 
Residue treatment phosphatase potential. 
Soil Crop Rate^ activity Eh^ pH 
mg/g mV 
El Viejo Alfalfa 0 243 (232) 294 6.57 
22.4 1105 -113 6.49 
44.8 1508 -136 6.28 
Corn 0 243 294 6.57 
22.4 236 -118 6.64 
44.8 231 -138 6.52 
Soybean 0 243 294 6.57 
22.4 242 -119 6.78 
44.8 216 -153 6.53 
Finca Alfalfa 0 266 (287) 275 6.37 
Sacramento 22.4 1101 15 6.25 
44.8 1468 -15 6.07 
Corn 0 266 275 6.37 
22.4 232 2 6.30 
44.8 232 -23 6.26 
Soybean 0 266 275 6.37 
22.4 246 20 6.36 
44.8 267 -37 6.32 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
'^Acid phosphatase activity = pg £;-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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The effect of crop residue addition on Eh and pH of the two soils 
from Costa Rica were similar to that observed with the Iowa soils when 
phosphodiesterase activity was studied (Tables 17 and 18), but the 
activity of this enzyme increased as the rate of crop residue addition 
increased. This increase in phosphodiesterase activity was more than 
additive; i.e., the activity of this enzyme in the crop-residue-treated 
soil exceeded the sum of that in soil and that added in the crop residue 
(see Tables 7, 17, and 18). It appears that production of this enzyme 
by soil microorganisms was dependent on the crop residue added and the 
soil receiving the residue. 
The effect of crop residue addition on arylsulfatase activity, 
redox potential, and pH of two Iowa surface soils and two others from 
Costa Rica is shown in Tables 19 and 20. The crop residues contained 
only trace amounts of arylsulfatase activity (Table 7), and the addi­
tion of these residues to soils and preincubation under waterlogged 
conditions at 25°C for 3 days resulted in relatively small changes in 
arylsulfatase activity. The activity of this enzyme increased in Lester 
soils but decreased in the Harps soil. Similarly, the activity of this 
enzyme increased in the El Viejo soil from Costa Rica but decreased in 
the Finca Sacramento soil (Tables 19 and 20). It appears that the 
microbial populations active under anaerobic conditions do not produce 
significant amounts of this enzyme, and that the native arylsulfatase 
activity is not stable when soils are preincubated under waterlogged 
conditions. 
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Table 17. Effect of crop residue addition on phosphodiesterase 
activity, redox potential, and pH of two Iowa surface soils 
preincubated at 25°C under waterlogged conditions for 3 days 
Residue treatment 
Phospho­
diesterase 
Redox 
potential, 
Soil Crop Rate^ activity^ Eh^ pH 
mg/g mV 
Lester Alfalfa 0 
22.4 
44.8 
133 
525 
671 
(54) 276 
-141 
-174 
6.71 
6.35 
6.01 
Corn 0 
22.4 
44.8 
133 
211 
270 
276 
-152 
-137 
6.71 
6.65 
6.53 
Soybean 0 
22.4 
44.8 
133 
285 
350 
276 
-148 
-151 
6.71 
6.65 
6.49 
Harps • Alfalfa 0 
22.4 
44.8 
88 
403 
622 
(109) 351 
-96 
-81 
7.32 
6.48 
6.24 
Corn 0 
22.4 
44.8 
88 
114 
132 
351 
-41 
-49 
7.32 
6.62 
6.51 
Soybean 0 
22.4 
44.8 
88 
151 
182 
351 
-22 
-58 
7.32 
6.67 
6.45 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
^Phosphodiesterase activity = yg £;-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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Table 18. Effect of crop residue addition on phosphodiesterase 
activity, redox potential, and pH of two surface soils 
from Costa Rica preincubated at 25°C under waterlogged 
conditions for 3 days 
Phospho­ Redox 
Residue treatment diesterase potential, 
Soil Crop Rate^ activity^ Eh^ pH 
mg/g mV 
El Viejo Alfalfa 0 41 (32) 287 6.57 
22.4 437 -114 6.48 
44.8 512 -101 6.64 
Corn 0 41 287 6.57 
22.4 165 -122 6.64 
44.8 221 -161 6.48 
Soybean 0 41 287 6.57 
22.4 210 -122 6.77 
44.8 294 -175 6.47 
Finca Alfalfa 0 23 (26) 266 6.37 
Sacramento 22.4 278 15 6.24 
44.8 335 -27 6.07 
Corn 0 23 266 6.37 
22.4 112 -2 6.30 
44.8 123 -25 6.20 
Soybean 0 23 266 6.37 
22.4 147 2 6.33 
44.8 202 -47 6.30 
^The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
9. 
^Phosphodiesterase activity = yg ^-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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Table 19. Effect of crop residue addition on arylsulfatase activity, 
redox potential, and pH of two Iowa surface soils preincu-
bated at 25°C under waterlogged conditions for 3 days 
Soil 
Residue treatment 
Crop Rate 
rag/g 
Arylsulfatase 
activity^ 
Redox 
potential, 
Eh^ pH 
mV 
Lester Alfalfa 0 
22.4 
44.8 
107 (142) 
90 
94 
274 
-138 
-161 
6.71 
6.39 
6.06 
Corn 0 
22.4 
44.8 
107 
124 
119 
274 
-140 
-132 
6.71 
6.73 
6.52 
Soybean 0 
22.4 
44.8 
107 
127 
115 
274 
-141 
-139 
6.71 
6.71 
6.59 
Harps Alfalfa 0 
22.4 
44.8 
150 (137) 
127 
110 
354 
-91 
-74 
7.36 
6.55 
6.28 
Corn 0 
22.4 
44.8 
150 
141 
135 
354 
-34 
-49 
7.36 
6.73 
6.53 
Soybean 0 
22.4 
44.8 
150 
136 
129 
354 
-20 
-52 
7.36 
6.72 
6.54 
^he rate 22.4 mg/g = 50 rat/ha. For details see footnote of Table 
Arylsulfatase activity = ng £-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
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Table 20. Effect of crop residue addition on arylsulfatase activity, 
redox potential, and pH of two surface soils from Costa Rica 
preincubated at 25°C under waterlogged conditions for 3 days 
Residue treatment 
Soil Crop Rate^ 
Arylsulfatase 
activity^ 
Redox 
potential, 
Eh^ pH 
rag/g mV 
El Viejo Alfalfa 0 
22.4 
44.8 
20 (43) 
27 
20 
280 
-112 
-119 
6.59 
6.49 
6.47 
Corn 0 
22.4 
44.8 
20 
27 
26 
280 
-124 
-158 
6.59 
6.62 
6.53 
Soybean 0 
22.4 
44.8 
20 
28 
25 
280 
-124 
-169 
6.59 
6.79 
6.55 
Finca 
Sacramento 
Alfalfa 0 
22.4 
44.8 
40 (88) 
29 
25 
264 
14 
-24 
6.39 
6.23 
6.09 
Corn 0 
22.4 
44.8 
40 
37 
33 
264 
-4 
-21 
6.39 
6.31 
6 .26  
Soybean 0 
22.4 
44.8 
40 
35 
31 
264 
14 
-36 
6.39 
6.34 
6.35 
The rate 22.4 mg/g = 50 mt/ha. For details see footnote of Table 
Arylsulfatase activity = ng £;-nitrophenol released/g soil/h. 
Figure in parentheses is the activity in soil before preincubation. 
85 
Statistical analysis (ANOVA) of the results reported in Tables 9 
through 20 showed that the crop residue used had significant effect 
(P<0.001) on (i-glucosidase, urease, acid phosphatase, and phospho­
diesterase activities, but not on amidase and arylsulfatase (Table 21). 
Similarly, the rate of crop residue addition significantly affected 
amidase activity (P<0.05) and (i-glucosidase, urease, acid phosphatase, 
and phosphodiesterase activities (£<0.001). The effect of crop residue 
X rate interaction was significant for (i-glucosidase, acid phosphatase, 
and phosphodiesterase activities (£<0.001) and was not significant for 
amidase, urease, and arylsulfatase activities. 
Table 21. Effect of crop residue addition on enzyme activity of soils preincubated under water­
logged conditions at 25°C for 3 days 
Enzyme assayed^ 
Variable (i-Glu Am Ur AP Phd Ar 
Crop residue effect^'^ +*** N.S. +*** +*** +*** N.S. 
A>Sb>cd A=Sb=C Sb=C>A A>SB=C A>Sb>C A=Sb=C 
Rate effect +*** +*** +*** +*** N.S. 
R2>RJ>RQ RO=RI>R2 R2>RJ>RQ R2>RI>RO R2>RJ>RQ RO=RI=R2 
Crop residue x 
rate effect +*** N.S. N.S. N.S. 
^(i-Glu, (i-glucosidase; Am, amidase; Ur, urease; AP, acid phosphatase, Phd, phosphodiesterase; 
Ar, arylsulfatase. 
V, -, positive and negative effect. 
^N.S., *, ***, P<0.05, P<0.05, and P<0.001, respectively. 
^A, alfalfa residue; Sb, soybean residue; C, corn residue. 
^R„, no addition of crop residue; R., 22.4 mg crop residue/g soil (50 mt/ha); R_, 44.8 mg crop 
residue/g soil. 
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PART II. EFFECT OF SOIL MANAGEMENT PRACTICES ON 
ENZYME ACTIVITIES OF SOILS 
88 
INTRODUCTION 
The productivity of a soil is related to its content of organic 
matter because this parameter influences the physical, chemical, and 
biological properties of soil-plant systems. For this reason, there 
is interest to increase the levels of organic matter in order to supply, 
at least partly, the nutrients required for plant growth and 
development. The type of crop residues added or left on the soil vary 
in the rate of decomposition and also in the way they affect the 
decomposition of the organic matter already present in the soil. Crop 
residue also affects the microbial population and enzyme activity 
(Perez-Mateos and Lopez-Carcedo, 1985; Dick et al., 1987). Therefore, 
crop rotations that include at least two different crops must affect 
the organic matter content of the soil. Depending on the type of crops 
that alternate in the rotation, each crop residue left in the field 
contributes differently to enrich the organic fraction according to its 
nutrient content and physical condition. 
On the other hand, the impact of crop residue addition on soil 
properties depends on the organic matter already present in the soil; 
i.e., the effect is less marked on soils that contain high organic 
matter than that on soils with moderate to low values in organic C 
content. It is also necessary to point out that the quality of the crop 
residue left in the field affects its own decomposition differently. 
For example, a residue with narrow C:N ratio decomposes faster than that 
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with wide C:N ratio, both at optimum conditions of moisture and 
temperature. 
It is clear that soil management practices, including crop rota­
tions, tillage systems, fertilizer treatments, application of wastes, 
and the use of agricultural chemicals such as pesticides, should have 
marked effects on the biochemical reactions in soil systems. Although 
the levels of enzyme activities are expected to be affected by these 
practices, little information is available about the effect of crop 
rotations and the role of crop residues on the levels of enzyme activ­
ities in soils. Among the practices mentioned above, the effect of 
trace elements and pesticides on the activities of several soil enzymes 
have been studied (Frankenberger and Tabatabai, 1981b; Tabatabai, 
1982a). In general, trace elements and pesticides additions result in 
decreases in enzyme activities of soils. 
In addition to changing the dynamics of organic C turnover, crop 
rotations affect the dynamics of rhizosphere organisms and, therefore, 
the soil enzyme activities. Because of the limited information 
available on the effect of crop rotations and residue additions on soil 
enzyme activities, this work was done to assess the significance of crop 
rotations, types of crops, and residue additions on the activities of 
enzymes involved in C, N, P, and S cycling in soils. 
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DESCRIPTION OF METHODS 
Soil Under Crop Rotations 
The soils used in this work were obtained from long-term rotation 
experiments at Kanawha, Sutherland, and Nashua. The rotation experi­
ments were initiated in 1954, 1957, and 1978, respectively. The soil 
types, crop rotations, and fertilizer treatments of these long-term 
experiments are reported in Table 22. The experimental plots were 6 m 
X 12 m, with several replications. All soils were sampled after corn. 
The corn was planted in 76-cm rows. The soil samples were taken from 
0 to 15 cm from at least five locations in the plot, mixed, and stored 
under field conditions at 5°C. Two replicates of uniform surface plots 
each from the research centers at Kanawha and Sutherland were sampled 
as described. The soil samples from the research center at Nashua 
included three replicates. At each research center, samples were taken 
from the untreated plots (controls) and the plots that were treated with 
N. Before use, each soil was sieved at field-moist conditions to pass 
a 6-mm screen and mixed. A subsample was air-dried at room temperature 
(22°C) and ground to pass a 2-mm mesh sieve. A small portion of the 
air-dried soil was ground to pass an 80-mesh sieve. Organic C was 
determined by the Mebius method (1960) on the <80-mesh sample, and pH 
was determined by using a glass-combination electrode on the <2 mm 
samples (Table 23). 
The activities of the enzymes (i-glucosidase, amidase, urease, acid 
phosphatase, phosphodiesterase, and arylsulfatase were assayed in the 
Table 22. Locations, soil types, and fertilizer treatments of the rotation experiments sampled 
Year 
Research expt. N ^ 
center Soil type started Rotation^ fertilizer 
kg/ha 
Clarion-Webster Webster silty clay loam 1954 Continuous corn 0 or 180 
at Kanawha Corn-soybean-corn-soybean 0 or 180 
Corn-oat-meadow-meadow 0 or 180 
Galva-Primghar Galva silt loam 1957 Continuous corn 0 or 200' 
at Sutherland Corn-soybean-corn-soybean 0 or 200 
Corn-oat-meadow-meadow 0 or 130 
Northeast Readlyn loam 1978 Continuous corn 0 or 180 
at Nashua Corn-soybean 0 or 180 
Corn-corn-oat-meadow 0 or 180 
^Samples were taken after corn. 
^Applied to corn plots only. All plots received annual application of 29 kg/ha of P (60 lb/Ac 
of PgOg) and 56 kg/ha of K (60 lb/Ac of KgO). 
^130 kg/ha prior to 1983. 
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Table 23. Crop rotations, nitrogen treatments, soil organic C, and pH 
of sites sampled 
Research 
Crop 
rota­
N-
treat- Organic C (%) pH 
center tion ment RepI RepII RepIII RepI RepII RepIII 
Kg/ha 
Clarion-
Webster 
at Kanawha 
CCCC 
CCCC 
CSbCSb 
CSbCSb 
0 
180 
0 
180 
2.89 
3.38 
3.35 
3.04 
3.05 
3.30 
3.17 
3.26 
— 
6.63 
5.74 
6.84 
6.01 
6.88 
5.73 
6.94 
5.94 
COMM 
COMM 
0 
180 
3.24 
3.26 
3.33 
3.82 
6.23 
6.06 
6.28 
5.68 
Galva-
Primghar 
CCCC 
CCCC 
0 
200 
2.25 
2.42 
2.26 
2.46 
6.39 
5.64 
6.44 
5.92 
at 
Sutherland 
CSbCSb 
CSbCSb 
0 
200 
2.48 
2.44 
2.35 
2.29 
6.12 
6.05 
6.29 
6.09 
COMM 
COMM 
0 
130 
2.52 
2.71 
2.38 
2.49 
6.19 
6.17 
6.34 
6.14 
Northeast 
at Nashua 
CCCC 
CCCC 
0 
180 
1.91 
1.97 
1.83 
1.86 
2.04 
1.99 
6.49 
6.35 
6.60 
6.19 
6.45 
6.17 
CSbCSb 
CSbCSb 
0 
180 
1.90 
1.99 
1.56 
1.82 
2.06 
1.92 
6.62 
6.17 
6.80 
6.54 
6.55 
6.26 
CCOM 
CCOM 
0 
180 
1.76 
2.01 
1.98 
1.90 
1.86 
1.80 
6.54 
6.33 
6.53 
6.20 
6.47 
6.33 
®C = corn; Sb = soybean; 0 = oats; M = meadow. 
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air-dried (<2 mm samples) by the methods described by Frankenberger and 
Tabatabai (1980) and by Tabatabai (1982a). 
Crop Residues 
The crop residues used in this part were those described in Tables 
6 and 7. To study the effect of crop residue addition on enzyme activi­
ties of soils, two Iowa surface soils (Lester and Harps) and two soils 
from Costa Rica (El Viejo and Finca Sacramento) (Table 1) were treated 
with crop residues (1 g of <2 mm air-dried soil plus 22.4 mg of crop 
residue) in a 50-mL Erlenmeyer flask. The soil-crop residue mixture 
was treated with 0.5 mL of deionized water and incubated under aerobic 
conditions at 25°C for 0, 3, 7, 10, 14, 17, and 21 days. The flask was 
stoppered during incubation, but unstoppered every other day and the 
air inside the flask was exchanged with fresh air. After incubation, 
the enzyme activities were assayed as described by Frankenberger and 
Tabatabai (1980) and by Tabatabai (1982a). All assays were done in 
duplicates and one control. All results reported are expressed on a 
moisture-free basis, moisture being determined from loss in weight after 
drying at 105°C for 48 h. 
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RESULTS AND DISCUSSION 
Effect of Crop Rotations 
Six enzymes involved in the cycling of C, N, P, and S in soils were 
assayed in the soil samples obtained from the long-term rotation experi­
ments. The enzyme activities assayed were (i-glucosidase, amidase, 
urease, acid phosphatase, phosphodiesterase, and arylsulfatase. The 
effect of crop rotations and N application on enzyme activities of the 
soils from the research center at Kanawha is shown in Table 24. The 
corresponding results obtained for soils from the research centers at 
Sutherland and Nashua are shown in Tables 25 and 26, respectively. 
Statistical analyses (ANOVA) of the results reported in Tables 24 
through 26 are summarized in Table 27. 
Results of soils from the research center at Kanawha (Tables 24 
and 27) showed that crop rotations significantly affected (£<0.01) and 
N treatment had no effect on (i-glucosidase activity of soils. The 
activity of this enzyme decreased with the following crop rotations: 
COMM > CSbCSb = CCCC. Similarly, crop rotations significantly affected 
amidase, urease, phosphodiesterase, and arylsulfatase activities, but 
not acid phosphatase activity. Application of N fertilizer increased 
only urease and arylsulfatase activities. The rotation x N treatment 
interaction increased significantly urease, acid phosphatase, phospho­
diesterase, and arylsulfatase activities. The order of crop rotation 
effects on the activity of these enzymes varied among the enzymes. This 
order was COMM > CCCC = CSbCSb for amidase, it was COMM > CSbCSb > CCCC 
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Table 24. Effects of crop rotation and N treatment on enzyme activities 
of soils from the research center at Kanawha 
Crop N Reps a 
rota- treat- sam- Enzyme activity 
tion ment pled (i-Glu Am Ur AP Phd Aryl 
kg/ha 
CCCC 0 I 132 402 49 221 74 84 
II 133 408 41 206 88 79 
180 I 170 444 33 234 56 71 
II 145 395 33 234 56 74 
CSbCSb 0 I 168 413 48 255 76 103 
II 142 394 53 248 96 103 
180 I 173 444 74 206 102 114 
II 153 409 76 206 96 106 
COM 0 I 198 561 64 248 67 128 
II 171 524 54 197 80 115 
180 I 169 528 88 182 103 144 
II 187 . 560 81 247 102 144 
^(i-Glu, (i-glucosidase activity (pg PN released/g soil/h; Am, 
amidase activity (pg NH^''"-N formed/g soil/2h); Ur, urease activity («jg 
NH^^-N formed/g soil/2 h); AP, acid phosphatase activity (ng PN 
released/g soil/h); Phd, phosphodiesterase activity (yg PN released/g 
soil/h); Aryl, arylsulfatase activity (pg PN released/g soil/h). 
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Table 25. Effects of crop rotation and N treatment on enzyme activities 
of soils from the research center at Sutherland 
Crop N Reps a 
rota- treat- sam- Enzyme activity 
tion ment pled (i-Glu Am Ur AP Phd Aryl 
kg/ha 
CCCC 0 I 96 406 29 231 30 61 
II 133 433 33 259 38 78 
200 I 145 437 26 267 21 71 
II 162 498 30 289 29 71 
CSbCSb 0 I 121 387 33 263 35 77 
II 118 408 33 248 34 70 
200 I 148 436 33 253 28 75 
II 136 443 36 264 31 68 
com 0 I 175 537 58 305 40 105 
II 180 594 68 293 47 116 
130 I 177 591 59 328 42 117 
II 176 630 54 294 38 101 
^(i-Glu, (i-glucosidase activity (yg PN released/g soil/h; Am, 
amidase activity (vig NH^^-N formed/g soil/2h); Ur, urease activity (ng 
NH^^-N formed/g soil/2 h); AP, acid phosphatase activity (pg PN 
released/g soil/h); Phd, phosphodiesterase activity (pg PN released/g 
soil/h); Aryl, arylsulfatase activity (ng PN released/g soil/h). 
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Table 26. Effects of crop rotation and N treatment on enzyme activities 
of soils from the research center at Nashua 
Crop N Reps a 
rota- treat- sara- Enzyme activity 
tion ment pled fi-Glu Am Ur AP Phd Aryl 
kg/ha 
CCCC 0 I 114 224 34 187 27 64 
II 99 228 32 187 28 62 
III 96 213 29 186 26 52 
180 I 126 242 30 199 29 59 
II 114 250 31 188 30 67 
III 108 230 34 193 26 66 
CSbCSb 0 I 130 229 36 154 29 69 
II 123 239 35 141 33 67 
III 128 245 31 176 27 69 
180 I 142 242 38 191 23 54 
II 135 233 32 188 29 56 
III 136 234 28 175 23 52 
COMM 0 I 118 226 38 199 30 81 
II 100 239 37 186 29 80 
III 100 204 33 177 29 72 
180 I 118 254 46 196 29 78 
II 113 240 35 219 21 69 
III 118 233 34 198 24 69 
^(i-Glu, (i-glucosidase activity (ng PN released/g soil/h; Am, 
araidase activity (pg NH^^-N formed/g soil/2h); Ur, urease activity (ng 
NH^^-N formed/g soil/2 h); AP, acid phosphatase activity (fig PN 
released/g soil/h); Phd, phosphodiesterase activity (ng PN released/g 
soil/h); Aryl, arylsulfatase activity (yg PN released/g soil/h). 
Table 27. Effect of crop rotations on enzyme activities of soils at three locations in Iowa 
Enzyme assayed^ 
Location Variable (i-Glu Am Ur AP Phd Aryl 
Clarion- Crop rotation ** ** *«• N.S. ** ** 
Webster N treatment N.S. N.S. +** N.S. N.S. +** 
at KanavAia Rotation x treatment N.S. N.S. +** +* +** +** 
Comparison of crop 
rotations A>B=C A>C=B A>B>C A=B=C B=A>C A>B>C 
Galva- Crop rotation ** ** ** ** ** ** 
Primghar at N treatment +** N.S. N.S. 
Sutherland Rotation x treatment N.S. N.S. N.S. N.S. N.S. 
Comparison of crop 
rotations A>C=B A>C=B A>B>C A>C=B A>B=C A>B=C 
Northeast Crop rotation ** N.S. ** ** N.S. ** 
at Nashua N treatment N.S. 
Rotation x treatment N.S. +* N.S. N.S. 
Comparison of crop 
rotations B>D>C B=C=D D>B=C D>C=B B=C=D D>C=B 
For enzyme abbreviations, see Table 24; significant at P<0.05 and P<0.01, respectively; 
positive and negative response, respectively; N.S., not significative response; and A,B,C,D, 
COMM, CSbCSb, CCC, and CCOM rotations, respectively. 
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for urease, it was COMM = CSbCSb = CCCC for acid phosphatases, it was 
CSbCSb = COMM > CCCC for phosphodiesterase, and it was COMM > CSbCSb 
> CCCC for arylsulfatase (Table 27). 
The results of the soils from the research center at Sutherland 
(Tables 25 and 27) showed that crop rotations significantly increased 
(P<0.01) the activity of all the enzymes studied. The N treatment 
resulted in significant increases (£<0.01) in (i-glucosidase, amidase, 
acid phosphatase, and phosphodiesterase activities, but not in urease 
and arylsulfatase activities. With the exception of a significant crop 
rotation x N treatment interaction effect on (i-glucosidase activity, 
this interaction did not affect the activities of the other enzymes 
studied. Comparison of the crop rotation effects on the activities of 
the enzymes showed that COMM > CCCC = CSbCSb for jb-glucosidase, COMM 
> CCCC = CSbCSb for amidase, COMM > CSbCSb > CCCC for urease, COMM > 
CCCC = CSbCSb for acid phosphatase, COMM > CSbCSb = CCCC for phospho­
diesterase, and COMM > CSbCSb = CCCC for arylsulfatase (Table 27). 
The results of the soils from the research center at Nashua 
(Tables 26 and 27) showed that crop rotations significantly increased 
(£<0.01) the activities of (i-glucosidase, urease, acid phosphatase, and 
arylsulfatase, but not the activities of amidase and phosphodiesterase. 
Application of fertilizer N significantly increased (P<0.01) 
(i-glucosidase, amidase, and acid phosphatase activities, but 
significantly decreased phosphodiesterase and arylsulfatase 
activities. This treatment had no significant effect on urease 
activity of soils at the Nashua long-term experiment. With 
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the exception of a significant crop rotation x N treatment interaction 
effect (increase) on araidase activity, this interaction did not 
significantly affect the (i-glucosidase, urease, and acid phosphatase 
activities. This interaction, however, decreased phosphodiesterase and 
arylsulfatase activities of the soils from Nashua. Comparison of the 
crop rotation effects on the enzyme activities of the Nashua soils 
showed that CSbCSb > CCOM > CCCC for (i-glucosidase, CSbCSb = CCCC = CCOM 
for amidase, CCOM > CSbCSb = CCCC for urease, CCOM > CCCC = CSbCSb for 
acid phosphatase, CSbCSb = CCCC = CCOM for phosphodiesterase, and CCOM 
> CCCC = CSbCSb for arylsulfatase activity (Table 27). 
From the results obtained (Tables 24 through 27), it is evident 
that crop rotations and N fertilizer treatment affect enzyme activities 
of soils, and that this effect is dependent on the types of crop 
rotation, soil type, and enzyme. Soil management practices affect 
enzyme activities of soils and, therefore, nutrient cycling. 
Effect of Crop Residues 
Addition of crop residues to soils is known to promote microbial 
activities and, therefore, the activities of certain enzymes. The 
effect of crop residue addition on (i-glucosidase activity of two Iowa 
surface soils is shown in Figures 17 and 18. The corresponding results 
of two surface soils from Costa Rica are shown in Figures 19 and 20. 
The variation of the activity of this enzyme at preincubation time of 
0 is due to the (i-glucosidase activity of the crop residue added (Table 
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Lester soil 
• None 
O Soybean residue 
• Alfalfa residue 
A Corn residue 
7 10 14 17 
INCUBATION TIME (days) 
Figure 17. Effect of crop residues on (i-glucosidase activity in Lester 
soil incubated under aerobic conditions at 25°C for times 
ranging from 0 to 21 days 
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Figure 18. Effect of crop residues on (i-glucosidase activity in Harps 
soil incubated under aerobic conditions at 25°C for times 
ranging from 0 to 21 days. For symbols designating crop 
residues, see Figure 17 
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Figure 19. Effect of crop residues on (i-glucosidase activity in El 
Viejo soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 20. Effect of crop residues on ft-glucosidase activity in Finca 
Sacramento soil incubated under aerobic conditions at 25°C 
for times ranging from 0 to 21 days. For symbols designat­
ing crop residues, see Figure 17 
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7). Each of the Iowa and Costa Rica soils showed different patterns 
for (i-glucosidase vs. incubation time with the crop residues. 
The activity of this enzyme decreased in unamended and in crop-
residue-treated Lester soil after 3 days of incubation and maintained 
a level of activity up to 21 days of incubation. The activity of this 
enzyme, however, was always greater in the crop-residue-treated soil 
than that of the unamended soil. Although this was also true for the 
Harps soil (Figure 18), the initial decrease in (i-glucosidase activity 
with time of preincubation was not observed with this soil. The effect 
of the crop residues on the activity of this enzyme varied markedly 
between the two soils from Costa Rica (Figures 19 and 20), but with both 
soils the activity increased after 7 days of preincubation. This 
increase followed the order alfalfa > corn > soybean residue. As was 
the case with Iowa soils, the activity of this enzyme was much greater 
in the crop-residue-treated soils as compared with that of the unamended 
soils. It is evident that microbial dynamics and, therefore, 
(i-glucosidase activity level are affected by the crop residue added and 
by the soil used. The (i-glucosidase of crop residues and some of that 
produced by microbial biomass is not stable in soils, but it appears 
that a portion of the added enzyme in crop residue is incorporated in 
the soil organic matter, as evident from the greater activity of this 
enzyme in the crop-residue-treated soils as compared with the untreated 
soil after 21 days of incubation. 
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The effect of crop residue addition on amidase activity in two Iowa 
surface soils is shown in Figures 21 and 22. The corresponding results 
of two soils from Costa Rica are shown in Figures 23 and 24. The crop 
residues used contained small amounts of amidase activity as compared 
with those of the soils studied (Table 7, Figures 21 through 24). The 
pattern of the changes of amidase activity in unamended and crop-
residue-treated soils varied among the soils studied. Amidase activity 
of the Lester soil decreased after 3 to 7 days of incubation, and this 
decrease was more pronounced in the crop-residue-treated soils than 
unamended soils (Figure 21). After 10 days of incubation, however, the 
activity of this enzyme in crop-residue-treated soils was greater than 
in the unamended soil. This increase in the amidase activity of the 
crop-residue-treated Harps soil was evident after 14 days of incubation. 
Then it decreased, and after 21 days of incubation, the corn- and 
soybean-treated soils contained less araidase activity than the unamended 
soils which showed similar levels of activity as that of the alfalfa-
treated Harps soil. 
The pattern of the changes in amidase activity of unamended and 
crop-residue-treated El Viejo soil showed very little change in activity 
after incubation for times ranging from 0 to 7 days, but then the 
activity increased with crop residue treatments. This increase in 
activity reached a maximum at 14 days of incubation (Figure 23). 
Addition of crop residues to the Finca Sacramento soil increased amidase 
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Figure 21. Effect of crop residues on amidase activity in Lester soil 
incubated under aerobic conditions at 25°C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 22. Effect of crop residues on amidase activity in Harps soil 
incubated under aerobic conditions at 25°C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 23. Effect of crop residues on araidase activity in El Viejo soil 
incubated under aerobic conditions at 25*C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 24. Effect of crop residues on amidase activity in Finca 
Sacramento soil incubated under aerobic conditions at 25°C 
for times ranging from 0 to 21 days. For symbols 
designating crop residues, see Figure 17 
Ill 
activity after incubation of 3 days for the alfalfa and corn residues 
and after 7 days for soybean residues (Figure 24). 
The effect of crop residue additions on urease activity of soils 
was more obvious than that on amidase activity. The results obtained 
for two Iowa surface and two Costa Rica soils are shown in Figures 25 
and 26 and Figures 27 and 28, respectively. But again the pattern of 
changes in activity varied among the soils and crop residue used. 
Urease activity of the unamended Lester soil decreased after 10 days 
of incubation at 25°C. It increased markedly, however, when the soil 
was treated with alfalfa or com residue. This increase reached a 
maximum after 3 days of incubation. The maximum was attained after 7 
days of incubation when this soil was treated with soybean residue 
(Figure 25). Between 14 and 21 days of incubation, urease activity of 
the unamended and crop-residue-treated soils was constant, but it was 
much greater when crop residues were added to the soil. The results 
with the Harps soil did not show maximum peaks and, in general, the 
urease activity increased upon addition of crop residue and incubation 
(Figure 26). 
The urease activity of the El Viejo soil from Costa Rica increased 
upon treatment with crop residue and reached a maximum at 14 days of 
incubation when alfalfa and soybean residues were added and at 10 days 
of incubation when com residue was added. The activity of this enzyme 
was markedly greater in the crop-residue-treated soils than that of the 
unamended soil (Figure 27). 
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Figure 25. Effect of crop residues on urease activity in Lester soil 
incubated under aerobic conditions at 25°C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 26. Effect of crop residues on urease activity in Harps soil 
incubated under aerobic conditions at 25°C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 27. Effect of crop residues on urease activity in El Viejo soil 
incubated under aerobic conditions at 25°C for times ranging 
from 0 to 21 days. For symbols designating crop residues, 
see Figure 17 
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Figure 28. Effect of crop residues on urease activity in Finca 
Sacramento soil incubated under aerobic conditions at 25°C 
for times ranging from 0 to 21 days. For symbols designat­
ing crop residues, see Figure 17 
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The increase in urease activity of the Finca Sacramento soil upon 
treatment with crop residue was more pronounced with corn and soybean 
residues than with alfalfa (Figure 28). Although all crop residue 
additions markedly increased urease activity (Table 7), the increases 
in the activity of this enzyme upon treatment with crop residues and 
incubation are due to the production of urease by the proliferating 
microorganisms. The magnitude of the increase and the level of this 
enzyme in soils are dependent on the type and dynamics of the 
microorganisms, the type of crop residue added, and the physical and 
chemical composition of the soil. 
The effect of crop residue addition on acid phosphatase activity 
of two Iowa surface soils and two soils from Costa Rica is shown in 
Figures 29 and 30 and in Figures 31 and 32, respectively. The alfalfa 
sample used contained high amounts of acid phosphatase activity (1435 
pg FN released/22.4 mg/h), but the corn and soybean samples contained 
77 and 74 pg FN released/22.4 mg/h, respectively (Table 7). Therefore, 
acid phosphatase activity of the unamended and corn residue- and soybean 
residue-treated soils did not change markedly during the 21 days of 
incubation, suggesting that the proliferating microorganisms did not 
contribute to the activity of this enzyme. The acid phosphatase 
activity of the alfalfa-treated soils decreased with time of incubation, 
however, and reached plateaus in the two Iowa soils after 7 days of 
incubation. This decrease in acid phosphatase activity of the two 
alfalfa-treated Costa Rica soils was continuous through the entire 
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Figure 29. Effect of crop residues on acid phosphatase activity in 
Lester soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 30. Effect of crop residues on acid phosphatase activity in 
Harps soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 31. Effect of crop residues on acid phosphatase activity in El 
Viejo soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 32. Effect of crop residues on acid phosphatase activity in 
Finca Sacramento soil incubated under aerobic conditions 
at 25°C for times ranging from 0 to 21 days. For symbols 
designating crop residues, see Figure 17 
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incubation period (Figures 31 and 32). It is evident that plant acid 
phosphatase is not stable in soils, the activity remaining after mixing 
crop residues with soil is dependent upon the level of acid phosphatase 
activity in the residue and in the soil, on type of residue, and on the 
chemical and physical properties of soils. It is very likely that the 
nature of organic matter and the level of protease in soils play a major 
role in degrading and protecting the acid phosphatase in crop residues. 
The effect of crop residue additions on phosphodiesterase activity 
of two Iowa surface soils is shown in Figures 33 and 34. The 
corresponding results of two soils from Costa Rica are shown in Figures 
35 and 36. In general, the activity of this enzyme increased after 3 
days of incubation, then decreased to a level above the activity of the 
unamended soil. The effect of the crop residues followed the order 
alfalfa > soybean > corn. This is the same order of the activity of 
this enzyme in the crop residues used (Table 7). The phosphodiesterase 
activity of the unamended soils varied markedly during the 21 days of 
incubation, indicating the production, degradation, and stabilization 
varied among soils. 
The effect of crop residues on arylsulfatase activity varied 
markedly among the unamended and crop-residue-treated Iowa and Costa 
Rica soils (Figures 37 through 40). The alfalfa and soybean residues 
contained trace amounts of arylsulfatase activity; the corn residue 
contained none. Although the pattern of arylsulfatase activity varied 
among the soils and crop residues studied, in general, alfalfa increased 
the activity of this enzyme more than the other crop residues. 
122 
GuO 
"O 
I 
OD 
130 
i 
0 
s 
1 
£ 
Lester soil 
7 10 14 17 
INCUBATION TIME (days) 
Figure 33. Effect of crop residues on phosphodiesterase activity in 
Lester soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 34. Effect of crop residues on phosphodiesterase activity in 
Harps soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 35. Effect of crop residues on phosphodiesterase activity in 
El Viejo soil incubated under aerobic conditions at 25°C 
for times ranging from 0 to 21 days. For symbols designat­
ing crop residues, see Figure 17 
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Figure 36. Effect of crop residues on phosphodiesterase activity in 
Finca Sacramento soil incubated under aerobic conditions 
at 25°C for times ranging from 0 to 21 days. For symbols 
designating crop residues, see Figure 17 
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Figure 37. Effect of crop residues on arylsulfatase activity in Lester 
soil incubated under aerobic conditions at 25°C for times 
ranging from 0 to 21 days. For symbols designating crop 
residues, see Figure 17 
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Figure 38. Effect of crop residues on arylsulfatase activity in Harps 
soil incubated under aerobic conditions at 25°C for times 
ranging from 0 to 21 days. For symbols designating crop 
residues, see Figure 17 
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Figure 39. Effect of crop residues on arylsulfatase activity in El 
Viejo soil incubated under aerobic conditions at 25°C for 
times ranging from 0 to 21 days. For symbols designating 
crop residues, see Figure 17 
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Figure 40. Effect of crop residues on arylsulfatase activity in Finca 
Sacramento soil incubated under aerobic conditions at 25°C 
for times ranging from 0 to 21 days. For symbols designat­
ing crop residues, see Figure 17 
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The results obtained on the effect of crop residue additions on 
enzyme activities in soils showed that these organic materials increase 
enzyme activities in soils and that changes of the level of activity 
is dependent on the crop residue, chemical and physical properties of 
soils, and time of incubation. The production, degradation, and 
stabilization of enzyme in soils by microorganisms is dependent on the 
enzyme protein and soil environment. Plant enzyme may be degraded in 
soils or incorporated in the organic matter-clay complexes and 
stabilized. It is possible that the type and nature of organic matter 
and levels of other enzymes, such as protease, influence the fate of 
plant enzymes added to soils. 
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SUMMARY AND CONCLUSIONS 
Although numerous studies have been done on soil enzymes, little 
information is available about the effect of redox potential resulting 
from waterlogging of soils, crop rotations, and crop residue additions 
and soil management practices on enzyme activities of soils. Because 
these practices affect the physicochemical and biological conditions 
of soils, their effect on microbial populations and on enzyme activi­
ties can be significant. Therefore, the objectives of this study were: 
(1) to study the effect of redox potential on the activities of enzymes 
involved in C, N, P, and S cycling in soils, and (2) to assess the 
effect of soil management practices on the activities of (i-glucosidase, 
amidase, urease, acid phosphatase, phosphodiesterase, and arylsulfatase 
of soils. 
The results of this study can be summarized as follows: 
1. In general, the redox potential of the Iowa soils decreased 
with time of waterlogging (0 to 6 days at 25°C) and so did the 
activities of the different enzymes (fb-glucosidase, amidase, 
urease, acid phosphatase, and arylsulfatase), except phospho­
diesterase activity which was increased. The same trend was 
observed for the Costa Rica soils; the changes being less 
marked. The effect of redox potential on enzyme activities 
was more evident when soils were grouped according to their 
organic C contents. 
132 
2. Crop residues [alfalfa (Medicago sativa L.), soybean (Glycine 
max. L. Merr.)» and com (Zea mays L.)1 added to soils (22.A 
or 44.8 mg residue/g soil) and preincubated (3 days at 25°C) 
under waterlogged conditions resulted in decreases in redox 
potential and pH values. The activities of the enzymes studied 
increased with crop residue addition, except of araidase and 
arylsulfatase. The rate of crop residue addition affected 
significantly the amidase activity (P<0.05) and (i-glucosidase, 
urease, acid phosphatase, and phosphodiesterase activities 
(PXO.OOl). The interaction between crop residue x rate was 
significant for (b-glucosidase, acid phosphatase, and phospho­
diesterase activities (P^<0.01). 
3. The crop residues used contained considerable (i-glucosidase, 
acid phosphatase, and phosphodiesterase activities, but low 
amidase, urease, and arylsulfatase activities. (i-Glucosidase 
and acid phosphatase activities of soil plus residue increased, 
although they were not additives when added to soil and 
incubated under waterlogged conditions for 3 days, suggesting 
the plant enzymes were degraded by proteases, adsorbed by soil 
constituents, or inhibited by reduced metal ions produced in 
soils under waterlogging. The crop residues enhanced the 
activities of phosphodiesterase and urease in the soils, but 
the total activity of the soil-crop residue mixture was less 
than the additive. Amidase activity decreased as the amount 
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of crop residue added increased. The crop residues used con­
tained very little amidase activity and did not contribute much 
to the activity found in the crop-residue-treated soils. 
4. In general, both crop rotation and N fertilizer treatment pro­
duced significant effects on the activity of the enzymes of 
three Iowa soils under rotation practices. In general, the 
rotations corn-oat-meadow-meadow or corn-corn-oat-meadow 
resulted in higher enzyme activities than corn-soybean-corn-
soybean and continuous com rotations, especially in 
(i-glucosidase, amidase, urease, and arylsulfatase activities. 
Crop rotations affect the rhizosphere organisms and the soil 
microbial dynamics, and this is evident from the changes 
observed for the enzyme activities. 
5. The activity of the enzymes was higher in the crop-residue-
treated soils than in the control when incubated under aerobic 
conditions for times ranging from 0 to 21 days at 25°C. The 
type of crop residue, the chemical and physical properties of 
the soils, and the time of incubation influenced the activity 
of the enzymes assayed. Urease activity was markedly increased 
when soils were treated with crop residues, especially after 
7 days of incubation. The alfalfa residue used contained a 
high amount of acid phosphatase activity, and this was degraded 
when added to soil and incubated for 21 days. The other crop 
residues contained low levels of acid phosphatase activity and 
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did not markedly change the activity of this enzyme when the 
residues were mixed with soils and incubated at 25°C for times 
ranging from 0 to 21 days. The crop residue addition did not 
markedly affect araidase and arylsulfatase activities. 
6. Waterlogging of soils, crop rotations, and soil management 
practices markedly affected the reaction rates of enzymes and, 
possibly, nutrient cycling. 
135 
LITERATURE CHED 
Baruah, M., and R. R. Mishra. 1984. Dehydrogenase and urease activi­
ties in rice-field soils. Soil Biol. Biochem. 16:423-424. 
Baruah, M., and R. R. Mishra. 1986. Effect of herbicides butachlor, 
2, 4-D and oxyfluorfen on enzyme activities and C0„ evolution in 
submerged paddy field soil. Plant and Soil 96:287-291. 
Bell, R. G. 1969. Studies on the decomposition of organic matter in 
flooded soil. Soil Biol. Biochem. 1:105-116. 
Bohn, H. L., B. L. McNeal, and G. A. O'Connor. 1979. Soil chemistry. 
John Wiley and Sons, New York. 
Bremner, J. M., and C. S. Mulvaney. 1982. Nitrogen total, p. 595-
624. ^ A. L. Page, R. H. Miller, and D. R. Keeney (eds.) Methods 
of soil analysis. Monograph 9. Part 2. Second edition. American 
Society of Agronomy, Madison, Wisconsin. 
Bremner, J. M., and R. L. Mulvaney. 1978. Urease activity in soils, 
p. 149-146. In^R. G. Burns (ed.) Soil enzymes. Academic Press, 
New York. 
Broder, M. W., and G. H. Wagner. 1988. Microbial colonization and 
decomposition of corn, wheat, and soybean residue. Soil Sci. Soc. 
Am. J. 52:112-117. 
Browman, M. G., and M. A. Tabatabai. 1978. Phosphodiesterase activity 
in soils. Soil Sci. Am. J. 42:284-290. 
Burns, R. G. 1978. Soil enzymes. Academic Press, New York. 
Burns, R. G. 1982. Enzyme activity in soil: Location and a possible 
role in microbial ecology. Soil Biol. Biochem. 14:423-427. 
Burns, R. G. 1986. Interaction of enzymes with soil mineral and 
organic colloids, p. 429-451. ^ P. M. Huang and M. Schnitzer 
(eds.) Interactions of soil minerals with natural organic and 
microbes. SSSA Spec. Pub. No. 17. American Society of Agronomy, 
Madison, Wisconsin. 
Burns, R. G., M. H. El-Sayed, and A. D. McLaren. 1972. Extraction of 
an urease-active organo-complex from soil. Soil Biol. Biochem. 
4:107-108. 
136 
Busman, L. M., and M. A. Tabatabai. 1985. Factors affecting enzymic 
and nonenzymic hydrolysis of trimetaphosphate in soils. Soil Sci. 
140:421-428. 
Campbell, C. A., M. Schnitzer, J. W. B. Stewart, V. 0. Biederbeck, and 
F. Selles. 1986. Effect of manure and P fertilizer on properties 
of a black Chernozem in southern Saskatchewan. Can. J. Soil Sci. 
66:601-613. 
Chae, Y. M., and M. A. Tabatabai. 1981. Sulfolipid and phospholipid 
in soils and sewage sludges in Iowa. Soil Sci. Soc. Am. J. 
45:20-25. 
Chapman, H. D. 1965. Cation-exchange capacity, p. 891-901. In 
C. A. Black (ed.) Methods of soil analysis. Part 2. American 
Society of Agronomy, Madison, Wisconsin. 
Cooper, P. J. M. 1972. Arylsulfatase activity in northern Nigeria 
soils. Soil Biol. Biochem. 4:333-337. 
Cosgrove, D. J. 1967. Metabolism of organic phosphates in soil, 
p. 216-228. In A. D. McLaren and G. H. Peterson (eds.) Soil 
biochemistry. Vol. 1. Marcel Dekker, New York. 
Dalai, R. C. 1975. Urease activity in some Trinidad soils. Soil Biol. 
Biochem. 7:5-8. 
Delaune, R. D., and W. H. Patrick. 1970. Urea conversion to ammonia 
in waterlogged soils. Soil Sci. Soc. Am. Proc. 34:603-607. 
Dick, R. P., and M. A. Tabatabai. 1986. Hydrolysis of polyphosphates 
in soils. Soil Sci. 142:132-140. 
Dick, R. P., P. E. Rasmussen, and E. A. Kerle. 1987. Kinetic param­
eters of enzyme activities as influenced by organic residues and 
N fertilizer management. Agron. Abstr. 79th Annual Meeting 
(Atlanta, Georgia, 1987). American Society of Agronomy, Madison, 
Wisconsin. 
Dick, W. A., and M. A. Tabatabai. 1977. An alkaline oxidation method 
for determination of total phosphorus in soils. Soil Sci. Soc. 
Am. J. 41:511-514. 
Dick, W. A., and M. A. Tabatabai. 1979. Ion chromatographic determi­
nation of sulfate and nitrate in soils. Soil Sci. Soc. Am. J. 
43:899-904. 
Dick, W. A., and M. A. Tabatabai. 1984. Kinetic parameters of phos­
phatases in soils and organic waste materials. Soil Sci. 137:7-15. 
137 
Dick, W. A., N. G. Juma, and M. A. Tabatabai. 1983. Effects of soils 
on acid phosphatase and inorganic pyrophosphatase of corn roots. 
Soil Sci. 136:19-25. 
Doran, J. W. 1980. Soil microbial and biochemical changes associated 
with reduced tillage. Soil Sci. Soc. Am. J. 44:765-771. 
Eivazi, F., and M. A. Tabatabai. 1977. Phosphatases in soils. Soil 
Biol. Biochem. 9:167-172. 
Frankenberger, W. T. 1980. Amidase activity in soils. Unpublished 
Ph.D. dissertation. Library, Iowa State University, Ames, Iowa. 
Frankenberger, W. T., and M. A. Tabatabai. 1980. Amidase activity in 
soils: I. Method of assay. Soil Sci. Soc. Am. J. 44:282-287. 
Frankenberger, W. T., and M. A. Tabatabai. 1981a. Amidase activity 
in soils: III. Stability and distribution. Soil Sci. Soc. Am. 
J. 45:333-338. 
Frankenberger, W. T., and M. A. Tabatabai. 1981b. Amidase activity 
in soils: IV. Effects of trace elements and pesticides. Soil Sci. 
Soc. Am. J. 45:1120-1124. 
Fu, M. H., X. C. Xu, and M. A. Tabatabai. 1987. Effect of pH on 
nitrogen mineralization in crop-residue-treated soils. Biol. 
Fertil. Soils 5:115-119. 
Heald, W. R. 1965. Calcium and magnesium, p. 999-1010. In C. A. 
Black (ed.) Methods of soil analysis. Part 2. American Society 
of Agronomy, Madison, Wisconsin. 
Hossner, L. R., and D. P. Phillips. 1971. Pyrophosphate hydrolysis 
in flooded soil. Soil Sci. Soc. Am. Proc. 35:379-383. 
Inubushi, K., H. Wada, and Y. Takai. 1984. Easily decomposable organic 
matter in paddy soil. IV. Relationship between reduction process 
and organic matter decomposition. Soil Sci. Plant Nutr. 30:189-
198. 
Katyal, J. C. 1977. Influence of organic matter on the chemical and 
electrochemical properties of some flooded soils. Soil Biol. 
Biochem. 9:259-266. 
Keeney, D. R., and D. W. Nelson. 1982. Nitrogen-inorganic forms, p. 
643-698. In A. L. Page, R. H. Miller, and D. R. Keeney (eds.) 
Methods of soil analysis. Monograph 9. Part 2. Second edition. 
American Society of Agronomy, Madison, Wisconsin. 
138 
Khan, S. U. 1970. Enzymatic activity in a gray wooded soil as influ­
enced by cropping systems and fertilizers. Soil Biol. Biochem. 
2:137-139. 
Kilmer, V. J., and L. T. Alexander. 1949. Methods of making mechanical 
analysis of soils. Soil Sci. 68:18-24. 
Kiss, S., M. Dragan-Bularda, and D. Radulescu. 1975. Biological sig­
nificance of enzymes accumulated in soil. Adv. Agron. 27:25-87. 
Klein, T. M., and J. S. Koths. 1980. Urease, protease, and acid 
phosphatase in soil continuously cropped to corn by conventional 
or no-tillage methods. Soil Biol. Biochem. 12:293-294. 
Kuprevich, V. F., and T. A. Shcherbakova. 1971. Comparative enzymatic 
activity in diverse types of soil. p. 167-201. In A. D. McLaren 
and J. J. Skujins (eds.) Soil biochemistry. Vol. 2. Marcel 
Dekker, New York. 
Ladd, J. N. 1978. Origin and range of enzymes in soil. p. 51-96. 
In R. G. Burns (ed.) Soil enzymes. Academic Press, New York. 
Ladd, J. N. 1985. Soil enzymes, p. 175-221. In D. Vaughan and 
R. E. Malcom (eds.) Soil organic matter and biological activity. 
Martinus Nijhoff-Dr. W. Junk Publishers, Boston. 
Ladd, J. N., and J. H. A. Butler. 1972. Short-term assay of soil 
proteolytic enzymes using proteins and dipeptide derivatives as 
substrates. Soil Biol. Biochem. 4:19-30. 
Mebius, L. J. 1960. A rapid method for the determination of organic 
carbon in soil. Anal. Chim. Acta 22:120-124. 
Nayak, D. N., and V. R. Rao. 1981. The influence of alternate flooded 
and nonflooded conditions on nitrogen fixation (C„H„ reduction) 
in paddy soil. Soil Sci. 131:26-29. 
Nelson, D. W., and L. E. Sommers. 1973. Determination of total nitro­
gen in plant material. Agron. J. 65:109-112. 
Olsen, S. R., and L. A. Dean. 1965. Phosphorus, p. 1035-1049. In 
C. A. Black (ed.) Methods of soil analysis. Part 2. American 
Society of Agronomy, Madison, Wisconsin. 
Pancholy, S. K., and E. L. Rice. 1973a. Soil enzymes in relation to 
old field succession; amylase, cellulase, invertase, dehydrogenase, 
and urease. Soil Sci. Soc. Am. Proc. 37:47-50. 
139 
Pancholy, S. K., and E. L. Rice. 1973b. Carbohydrases in soil as 
affected by successional stages of revegetation. Soil Sci. Soc. 
Am. Proc. 37:227-229. 
Patrick, W. H., and R. E. Henderson. 1981. Reduction and reoxidation 
cycles of manganese and iron in flooded soil and in water solution. 
Soil Sci. Soc. Am. J. 45:855-859. 
Pedrazzini, F. R., and K. L. McKee. 1984. Effect of flooding on 
activities of soil dehydrogenases and alcohol dehydrogenase in rice 
(Oryza sativa) roots. Soil Sci. Plant Nutr. 30:359-366. 
Perez-Mateos, M., and S. Gonzalez-Carcedo. 1985. Interaccion entre 
raateriales organicos anadidos al suelo y su actividad ureasica. 
Anales de Edaf. y Agrobiol. 44:23-24. 
Perucci, P., and L. Scarponi. 1983. Effect of crop residue addition 
on arylsulphatase activity in soils. Plant and Soil 73:323-326. 
Perucci, P., P. L. Giusquiani, and L. Scarponi. 1982. Nitrogen losses 
from added urea and urease activity of a clay-loam soil amended 
with crop residues. Plant and Soil 69:457-463. 
Perucci, P., L. Scarponi, and M. Businelli. 1984. Enzyme activities 
in a clay-loam soil amended with various crop residues. Plant and 
Soil 81:345-351. 
Ponnamperuma, F. N. 1972. The chemistry of submerged soils. Adv. 
Agron. 24:29-96. 
Ponnamperuma, F. N. 1981. Some aspects of the physical chemistry of . 
paddy soils, p. 59-94. ^ Institute of Soil Science, Academia 
Sinica (ed.) Proceedings of symposium on paddy soil. Science 
Press, Beijing. 
Pratt, P. F. 1965. Potassium, p. 1022-1030. In C. A. Black (ed.) 
Methods of soil analysis. Part 2, American Society of Agronomy, 
Madison, Wisconsin. 
Pulford, I. D., and M. A. Tabatabai. 1988. Effect of waterlogging on 
enzyme activities in soils. Soil Biol. Biochem. 20:215-219. 
Ray, R. C., N. Behera, and N. Sethunathan. 1985. Rhodanese activity 
of flooded and nonflooded soils. Soil Biol. Biochem. 17:159-162. 
Rojas, C. F. 1986. Indexes of plant available organic nitrogen in 
soils. Unpublished Ph.D. dissertation. Library, Iowa State 
University, Ames, Iowa. 
140 
Ross, D. J., and B. A. McNeilly. 1975. Studies of a climosequence of 
soils in tussock grasslands. 3. Nitrogen mineralization and 
protease activity. New Zealand J. Sci. 18:361-375. 
Ross, D. J., and H. S. Roberts. 1970. Enzyme activities and oxygen 
uptakes of soils under pasture in a temperature and rainfall 
sequences. J. Soil Sci. 21:368-381. 
Rowell, D. L. 1981. Oxidation and reduction, p. 401-461. In D. J. 
Greenland and M. H. Hayes (eds.) The chemistry of soil processes. 
John Wiley and Sons, New York. 
Sajwan, K. S., and W. L. Lindsay. 1986. Effects of redox on zinc 
deficiency in paddy rice. Soil Sci. Soc. Am. J. 50:1264-1269. 
Savant, N. R., A. F. James, and G. H. McClellan. 1985. Effect of soil 
submergence on urea hydrolysis. Soil Sci. 140:81-85. 
Simpson, K. 1986. Fertilizers and manures. Longman, New York. 
Skujins, J. 1967. Enzymes in soils, p. 371-414. ^ A. D. McLaren 
and G. H. Peterson (eds.) Soil biochemistry. Vol. 1. Marcel 
Dekker, New York. 
Skujins, J. 1976. Extracellular enzymes in soil. Grit. Rev. 
Microbiol. 4:383-421. 
Speir, T. W. 1977. Studies on a climosequence of soils in tussock 
grasslands. II. Urease, phosphatase, and sulphatase activities 
of topsoils and their relationship with other soil properties 
including plant available sulphur. New Zealand J. Sci. 20:159-166. 
Speir, T. W., and D. F. Ross. 1978. Soil phosphatase and sulphatase, 
p. 197-250. %n R. G. Burns (ed.) Soil enzymes. Academic Press, 
New York. 
Speir, T. W., R. Lee, E. A. Pansier, and A. Cairns. 1980. A comparison 
of sulphatase, urease, and protease activities in planted and in 
fallow soils. Soil Biol. Biochem. 12:281-291. 
Spiers, G. A., and W. B. McGill. 1979. Effects of phosphorus addition 
and energy supply on phosphatase production and activity in soils. 
Soil Biol. Biochem. 11:3-8. 
Stevenson, F. J. 1985. Cycles of soil. John Wiley and Sons, New York. 
141 
Tabatabai, M. A. 1973. Michaelis constants of urease in soils and soil 
fractions. Soil Sci. Soc. Am. Proc. 37:707-710. 
Tabatabai, M. A. 1977. Effects of trace elements on urease activity 
in soils. Soil Biol. Biochem. 9:9-13. 
Tabatabai, M. A. 1982a. Soil enzymes, p. 903-947. In A. L. Page, 
R. H. Miller, and D. R. Keeney (eds.) Methods of soil analysis. 
Monograph 9. Part 2. Second edition. American Society of 
Agronomy, Madison, Wisconsin. 
Tabatabai, M. A. 1982b. Sulfur, p. 501-538. In A. L. Page, R. H. 
Miller, and D. R. Keeney (eds.) Methods of soil analysis. 
Monograph 9. Part 2. Second edition. American Society of 
Agronomy, Madison, Wisconsin. 
Tabatabai, M. A., and J. M. Bremner. 1969. Use of £;-nitrophenyl phos­
phate for assay of soil phosphatase activity. Soil Biol. Biochem. 
1:301-307. 
Tabatabai, M. A., and J. M. Bremner. 1970a. Arylsulfatase activity 
in soils. Soil Sci. Soc. Am. Proc. 34:225-229. 
Tabatabai, M. A., and J. M. Bremner. 1970b. Factors affecting soil 
arylsulfatase activity. Soil Sci. Soc. Am. Proc. 34:427-429. 
Tabatabai, M. A., and J. M. Bremner. 1972. Assay of urease activity 
in soils. Soil Biol. Biochem. 4:479-487. 
Tate, R. L. 1979. Effect of flooding on microbial activities in 
organic soils: Carbon metabolism. Soil Sci. 128:267-273. 
Tate, R. L. 1987. Soil organic matter. John Wiley and Sons, New York. 
Tisdale, S. L., W. L. Nelson, and J. D. Beaton. 1984. Soil fertility 
and fertilizers. Fourth edition. Macmillan Publishing Co., New 
York. 
Trevors, J. T. 1984. Effect of substrate concentration, inorganic 
nitrogen, 0^ concentration, temperature and pH on dehydrogenase 
activity in soil. Plant and Soil 77:285-293. 
Trevors, J. T., C. I. Mayfield, and W. E. Innis. 1982. Measurement 
of electron transport system (ETS) activity in soil. Microbiol. 
Ecol. 8:163-168. 
142 
Van Cleemput, 0., W. H. Patrick, and R. C. Mcllhenny. 1975. Formation 
of chemical and biological denitrification products in flooded soil 
at controlled pH and redox potential. Soil Biol. Biochem. 
7:329-332. 
Yu, Tian-ren. 1981. Oxidation-reduction properties of paddy soils, 
p. 95-106. In Institute of Soil Science, Acaderaia Sinica (eds.) 
Proceedings of symposium on paddy soil. Science Press, Beijing. 
Zantua, M. I., and J. M. Bremner. 1976. Production and persistence 
of urease activity in soils. Soil Biol. Biochem. 8:369-374. 
Zantua, M. I., L. C. Dumenil, and J. M. Bremner. 1977. Relationships 
between soil urease activity and other soil properties. Soil Sci. 
Soc. Am. J. 41:350-352. 
143 
ACKNOWLEDGMENTS 
The author wishes to express his sincere appreciation to Dr. M. A. 
Tabatabai, under whose supervision this work was carried out, for his 
interest in the work, encouragement, and time spent with the author 
during the course of this project; to Drs. I. C. Anderson, T. E. Fenton, 
T. E. Loynachan, and B. J. White for serving on the advisory committee; 
to Dr. J. R. Webb for assisting in obtaining soil samples from the long-
term rotation experiments and for providing the information about the 
history of those experiments; to Centro de Investigaciones Agronomicas 
of the University of Costa Rica for providing the soil samples from 
Costa Rica; and to Ms Susan M. Bennett for typing the final draft of 
this dissertation. 
The author is extremely indebted to his wife, Olga, and two 
children. Ana and Luis, for their understanding, encouragement, and 
sacrifices made during the period of graduate study. The author also 
wishes to express his gratitude to his parents, Jose and Blasita, and 
other relatives for their moral support during the years spent at Iowa 
State University. 
Many thanks to Dr. H. J. Pirela and fellow graduate students for 
their help and encouragement in the fulfillment of this research. 
144 
APPENDIX 
145 
Table 28. Effect of waterlogging on (i-glucosidase activity in Iowa 
soils 
6-Glucosidase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
yg PN released/g soil/h 
Hayden 1 52 38 48 61 
2 52 41 44 61 
Fayette 1 94 75 85 90 
2 90 76 85 90 
Luther 1 58 48 44 59 
2 58 48 44 59 
Tama 1 83 88 99 94 
2 87 89 96 94 
Lester 1 157 96 110 144 
2 157 95 106 138 
Clarion 1 133 102 104 121 
2 130 102 104 119 
Muscatine 1 98 88 90 98 
2 98 86 97 97 
Nicollet 1 219 186 209 254 
2 227 172 209 236 
Harps 1 237 174 201 236 
2 236 179 213 214 
Canisteo 1 154 94 101 114 
2 154 94 101 111 
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Table 29. Effect of waterlogging on redox potential (Eh^) of Iowa soils 
used to assay (i-glucosidase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
mV 
Hayden 1 380 397 376 394 
2 387 401 378 384 
Fayette 1 370 160 245 225 
2 370 160 245 225 
Luther 1 367 332 330 346 
2 377 359 325 348 
Tama 1 374 341 328 356 
2 380 337 333 357 
Lester 1 396 241 244 297 
2 384 242 254 302 
Clarion 1 381 271 360 310 
2 375 273 360 310 
Muscatine 1 411 330 345 234 
2 409 330 345 231 
Nicollet 1 341 145 61 101 
2 346 145 59 101 
Harps 1 355 320 340 224 
2 365 320 340 227 
Canisteo 1 408 160 70 125 
2 404 160 70 125 
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Table 30. Effect of waterlogging on [i-glucosidase activity in Costa 
Rica soils 
(i-Glucosidase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
(ig PN released/g soil/h 
Taboga 1 14 15 20 21 
2 14 14 20 20 
Rancho Redondo 1 18 17 17 13 
2 17 17 17 12 
El Viejo 1 68 46 77 69 
2 68 44 77 69 
Diaraantes 1 33 24 22 24 
2 39 21 21 24 
CATIE 1 47 24 25 25 
2 54 26 25 26 
Hacienda Vieja 1 72 37 38 37 
2 64 37 37 39 
La Finera 1 29 20 15 26 
2 29 18 15 26 
Finca Sacramento 1 96 90 80 88 
2 96 91 80 88 
Estacion 1 67 42 38 44 
2 67 42 38 44 
San Josecito 1 57 36 45 42 
2 57 39 45 42 
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Table 31. Effect of waterlogging on redox potential (Ehy) of Costa Rica 
soils used to assay (i-glucosidase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
———— ——————mV———— ————— 
Taboga 1 401 351 321 406 
2 411 348 329 423 
Rancho Redondo 1 371 327 271 355 
2 371 302 264 361 
El Viejo 1 441 400 389 417 
2 440 405 385 412 
Diamantes 1 394 355 342 398 
2 392 360 343 412 
CATIE 1 406 389 338 385 
2 406 364 345 401 
Hacienda Vieja 1 399 337 310 301 
2 396 330 310 301 
La Pinera 1 354 310 215 312 
2 354 307 216 312 
Finca Sacramento 1 425 394 384 429 
2 411 395 387 430 
Estacion 1 384 358 336 389 
2 386 355 347 387 
San Josecito 1 385 316 283 371 
2 386 314 290 379 
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Table 32. Effect of waterlogging on amidase activity in Iowa soils 
Amidase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Mg NH^^-N formed/g soil/2h— 
Hayden 1 106 89 72 79 
2 101 88 65 82 
Fayette 1 140 145 114 103 
2 145 142 109 100 
Luther 1 105 75 60 73 
2 106 83 70 72 
Tama 1 235 244 214 223 
2 229 246 217 232 
Lester 1 515 472 427 461 
2 517 442 438 490 
Clarion 1 512 498 428 465 
2 521 525 447 455 
Muscatine 1 282 267 228 249 
2 304 261 236 193 
Nicollet 1 395 442 355 396 
2 396 448 367 351 
Harps 1 298 195 170 190 
2 299 196 174 224 
Canisteo 1 428 495 345 375 
2 416 486 365 323 
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Table 33. Effect of waterlogging on redox potential (Eh^) of Iowa soils 
used to assay amidase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
mV 
Hayden 1 386 384 365 394 
2 395 377 361 380 
Fayette 1 370 122 235 208 
2 370 123 235 210 
Luther 1 392 350 334 351 
2 395 350 329 352 
Tama 1 419 350 341 325 
2 422 350 346 338 
Lester 1 385 286 370 359 
2 388 281 370 360 
Clarion 1 384 282 370 309 
2 374 280 370 306 
Muscatine 1 413 340 350 220 
2 409 340 350 220 
Nicollet 1 345 140 61 101 
2 346 140 59 101 
Harps 1 406 370 330 225 
2 410 370 330 220 
Canisteo 1 393 160 25 125 
2 398 160 26 125 
151 
Table 34. Effect of waterlogging on amidase activity in Costa Rica 
soils 
Amidase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
•lig NH^'*'-N formed/g soil/2h— 
Taboga 1 172 146 154 152 
2 172 133 143 150 
Rancho Redondo 1 242 197 211 195 
2 206 195 212 212 
El Viejo 1 242 241 226 192 
2 228 242 198 182 
Diamantes 1 376 301 272 255 
2 346 341 308 255 
CATIE 1 394 488 462 422 
2 400 459 470 406 
Hacienda Vieja 1 366 321 334 334 
2 382 328 378 362 
La Pinera 1 408 352 357 281 
2 418 334 344 282 
Finca Sacramento 1 444 370 352 267 
2 414 373 358 269 
Estacion 1 523 471 544 432 
2 528 518 544 402 
San Josecito 1 209 178 193 179 
2 219 170 166 175 
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Table 35. Effect of waterlogging on redox potential (Ehy) of Costa Rica 
soils used to assay amidase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
i I 1 i — 
Taboga 1 402 351 353 395 
2 406 354 363 402 
Rancho Redondo 1 374 314 331 373 
2 372 314 340 377 
El Viejo 1 430 357 322 241 
2 433 363 331 237 
Dianiantes 1 377 346 340 326 
2 385 360 340 318 
CATIE 1 379 . 376 340 341 
2 389 359 340 335 
Hacienda Vieja 1 391 335 310 316 
2 394 327 258 315 
La Pinera 1 357 310 289 327 
2 355 310 311 351 
Finca Sacramento 1 421 377 290 288 
2 407 373 313 291 
Estacion 1 384 343 311 338 
2 393 348 312 303 
San Josecito 1 378 320 333 348 
2 377 325 333 353 
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Table 36. Effect of waterlogging on urease activity in Iowa soils 
Urease activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Mg NH^'^-N formed/g soil/2h— 
Hayden 1 18 11 9 11 
2 20 11 9 12 
Fayette 1 77 57 56 58 
2 76 53 49 60 
Luther 1 21 23 24 27 
2 22 19 22 27 
Tama 1 24 21 30 40 
2 24 21 26 37 
Lester 1 120 76 91 96 
2 117 83 107 97 
Clarion 1 43 36 42 43 
2 43 38 33 42 
Muscatine 1 162 120 128 105 
2 160 121 122 111 
Nicollet 1 81 76 79 82 
2 77 73 78 83 
Harps 1 147 132 122 125 
2 149 127 134 114 
Canisteo 1 249 196 193 175 
2 264 191 196 173 
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Table 37. Effect of waterlogging on redox potential (Ehy) of Iowa soils 
used to assay urease activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
—————————————mV 
Hayden 1 430 346 381 378 
2 431 342 379 393 
Fayette 1 370 155 217 262 
2 370 155 221 258 
Luther 1 392 358 334 358 
2 384 354 352 359 
Tama 1 385 346 350 405 
2 378 349 358 409 
Lester 1 403 367 385 345 
2 400 366 387 343 
Clarion 1 385 321 353 315 
2 384 316 358 315 
Muscatine 1 420 312 369 228 
2 412 318 361 229 
Nicollet 1 360 134 59 79 
2 367 135 61 87 
Harps 1 403 277 321 240 
2 406 281 322 240 
Canisteo 1 393 160 70 -20 
2 389 160 68 -20 
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Table 38. Effect of waterlogging on urease activity in Costa Rica soils 
Urease activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Vig NH^^-N formed/g soil/2h— 
Taboga 1 62 31 52 40 
2 60 38 41 46 
Rancho Redondo 1 30 13 10 29 
2 32 15 10 34 
El Viejo 1 70 38 68 61 
2 70 40 63 65 
Diaraantes 1 39 19 26 36 
2 37 21 27 37 
CATIE 1 30 39 46 40 
2 36 44 52 50 
Hacienda Vieja 1 62 30 49 58 
2 60 39 48 48 
La Pinera 1 41 35 25 28 
2 39 26 23 29 
Finca Sacramento 1 45 33 37 48 
2 44 36 40 49 
Estacion 1 54 33 46 38 
2 58 34 32 26 
San Josecito 1 42 19 39 47 
2 48 19 48 44 
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Table 39. Effect of waterlogging on redox potential (Eh-) of Costa Rica 
soils used to assay urease activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
—mV 
Taboga 1 408 332 357 334 
2 409 365 372 342 
Rancho Redondo 1 373 346 305 331 
2 377 311 316 341 
El Viejo 1 431 378 380 364 
2 431 378 407 369 
Diamantes 1 394 368 340 299 
2 388 375 316 299 
CATIE 1 387 347 341 348 
2 394 363 332 321 
Hacienda Vieja 1 361 354 324 265 
2 369 350 334 287 
La Pinera 1 351 296 242 281 
2 351 317 305 299 
Finca Sacramento 1 399 355 311 277 
2 388 352 307 312 
Estacion 1 390 370 311 331 
2 386 376 338 360 
San Josecito 1 382 299 307 314 
2 386 304 328 304 
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Table 40. Effect of waterlogging on acid phosphatase activity in Iowa 
soils 
Acid phosphatase activity after waterlogging 
Soil Rep 0 2 4 6 
—pg FN released/g soil/h-
Hayden 1 53 93 90 73 
2 53 89 92 73 
Fayette 1 95 63 83 67 
2 95 63 67 58 
Luther 1 80 88 96 67 
2 80 88 94 65 
Tama 1 153 148 126 109 
2 153 148 124 110 
Lester 1 245 221 271 192 
2 249 228 269 196 
Clarion 1 207 233 181 160 
2 205 253 179 160 
Muscatine 1 125 142 106 122 
2 125 146 107 128 
Nicollet 1 253 180 170 103 
2 255 175 172 103 
Harps 1 135 126 115 155 
2 132 130 113 155 
Canisteo 1 187 128 116 100 
2 187 128 115 100 
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Table 41. Effect of waterlogging on redox potential (Ehy) of Iowa soils 
used to assay acid phosphatase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Hayden 1 396 393 374 371 
2 395 395 386 375 
Fayette 1 444 154 237 241 
2 441 156 236 240 
Luther 1 396 383 352 370 
2 405 382 369 370 
Tama 1 400 386 381 320 
2 399 391 374 320 
Lester 1 428 398 392 385 
2 418 396 393 390 
Clarion 1 404 360 379 302 
2 401 357 383 297 
Muscatine 1 429 358 260 240 
2 429 359 260 240 
Nicollet 1 378 131 61 -2 
2 386 127 59 -4 
Harps 1 417 347 364 368 
2 420 348 363 370 
Canisteo 1 402 175 24 19 
2 411 176 25 20 
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Table 42. Effect of waterlogging on acid phosphatase activity in Costa 
Rica soils 
Acid phosphatase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
fig PN released/g soil/h 
Taboga 1 167 138 166 140 
2 167 146 165 141 
Rancho Redondo 1 142 124 150 114 
2 141 126 146 114 
El Viejo 1 232 177 230 189 
2 232 155 230 189 
Diamantes 1 182 134 170 184 
2 185 152 170 184 
CATIE 1 225 175 183 184 
2 223 184 180 131 
Hacienda Vieja 1 243 178 255 162 
2 254 164 275 163 
La Pinera 1 175 170 234 104 
2 174 170 189 103 
Finca Sacramento 1 286 194 278 198 
2 287 172 253 198 
Estacion 1 250 196 230 210 
2 249 193 250 207 
San Josecito 1 135 143 170 126 
2 132 123 146 127 
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Table 43. Effect of waterlogging on redox potential (Eh^) of Costa Rica 
soils used to assay acid phosphatase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Taboga 1 425 420 437 423 
2 426 424 425 428 
Rancho Redondo 1 389 377 360 364 
2 384 386 364 389 
El Viejo 1 432 379 228 242 
2 426 376 244 256 
Diaraantes 1 381 346 372 308 
2 382 360 361 292 
CATIE 1 381 349 358 348 
2 377 349 371 346 
Hacienda Vieja 1 394 360 307 237 
2 397 365 301 237 
La Pinera 1 361 318 282 293 
2 359 328 305 265 
Finca Sacramento 1 412 369 342 369 
2 408 387 338 373 
Estacion 1 376 356 317 308 
2 379 361 324 316 
San Josecito 1 396 389 373 397 
2 399 397 375 394 
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Table 44. Effect of waterlogging on phosphodiesterase activity in Iowa 
soils 
Phosphodiesterase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
yg FN released/g soil/h 
Hayden 1 9 9 8 4 
2 8 8 8 4 
Fayette 1 60 141 142 88 
2 62 141 142 96 
Luther 1 17 37 25 21 
2 16 35 27 19 
Tama 1 12 15 20 18 
2 12 13 20 18 
Lester 1 54 164 91 95 
2 54 164 91 95 
Clarion 1 83 101 56 65 
2 84 101 54 65 
Muscatine 1 80 181 132 123 
2 80 180 139 137 
Nicollet 1 60 215 167 143 
2 61 213 169 151 
Harps 1 105 126 103 91 
2 112 126 103 103 
Canisteo 1 112 215 161 140 
2 • 112 203 162 140 
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Table 45. Effect of waterlogging on redox potential (Eh^) of Iowa soils 
used to assay phosphodiesterase activity 
Redox potential after waterlogging 
for time (days) Indicated 
Soil Rep 0 2 4 6 
Hayden 1 396 390 352 369 
2 395 380 377 374 
Fayette 1 442 177 248 243 
2 436 175 239 248 
Luther 1 397 374 355 360 
2 403 383 354 360 
Tama 1 383 400 376 422 
2 389 393 382 429 
Lester 1 423 384 394 390 
2 427 383 396 393 
Clarion 1 406 360 384 301 
2 408 365 384 306 
Muscatine 1 422 354 361 210 
2 421 359 369 216 
Nicollet 1 382 132 60 -3 
2 388 133 59 -3 
Harps 1 426 348 356 369 
2 427 344 354 368 
Canisteo 1 401 165 61 19 
2 397 171 62 20 
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Table 46. Effect of waterlogging on phosphodiesterase activity in Costa 
Rica soils 
Phosphodiesterase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Hg PN released/g soil/h 
Taboga 1 13 32 24 28 
2 11 26 27 30 
Rancho Redondo 1 12 18 10 14 
2 12 17 13 14 
El Viejo 1 32 61 55 63 
2 31 62 56 63 
Diamantes 1 24 40 31 39 
2 21 40 31 40 
CATIE 1 22 31 18 23 
2 22 31 25 23 
Hacienda Vieja 1 22 28 23 34 
2 22 28 27 29 
La Pinera 1 20 24 8 21 
2 19 24 8 18 
Finca Sacramento 1 26 43 38 37 
2 25 46 39 38 
Estacion 1 26 24 25 27 
2 25 24 21 29 
San Josecito 1 14 46 35 34 
2 14 45 33 36 
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Table 47. Effect of waterlogging on redox potential (Ehy) of Costa Rica 
soils used to assay phosphodiesterase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
mV 
Taboga 1 453 398 433 418 
2 454 405 448 419 
Rancho Redondo 1 380 367 425 383 
2 381 380 429 398 
El Viejo 1 392 370 330 370 
2 380 370 330 370 
Diamantes 1 382 368 404 394 
2 381 375 406 386 
CATIE 1 381 356 398 386 
2 379 362 407 391 
Hacienda Vieja 1 358 328 409 378 
2 373 339 416 406 
La Pinera 1 351 293 371 373 
2 345 309 388 323 
Finca Sacramento 1 412 368 420 392 
2 409 348 418 397 
Estacion 1 339 326 391 382 
2 347 332 379 392 
San Josecito 1 389 379 432 392 
2 392 379 427 396 
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Table 48. Effect of waterlogging on arylsulfatase activity in Iowa 
soils 
Arylsulfatase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Jig PN released/g soil/h 
Hayden 1 18 13 23 22 
2 17 12 21 22 
Fayette 1 80 78 77 66 
2 80 78 77 64 
Luther 1 27 28 22 22 
2 33 29 22 22 
Tama 1 25 28 25 34 
2 24 30 25 35 
Lester 1 142 129 81 124 
2 142 136 80 115 
Clarion 1 144 143 103 123 
2 152 129 103 122 
Muscatine 1 131 129 87 114 
2 131 130 88 114 
Nicollet 1 158 146 118 142 
2 158 145 125 143 
Harps 1 137 146 141 136 
2 137 147 133 134 
Canisteo 1 232 206 184 190 
2 214 223 199 190 
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Table 49. Effect of waterlogging on redox potential (Eh-) of Iowa Soils 
used to assay arylsulfatase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
— —' — 
Hayden 1 389 359 370 380 
2 400 365 370 380 
Fayette 1 440 166 230 230 
2 449 167 230 230 
Luther 1 425 378 350 368 
2 423 382 373 371 
Tama 1 403 394 379 375 
2 402 388 367 379 
Lester 1 421 402 348 347 
2 419 404 343 348 
Clarion 1 404 391 370 330 
2 398 382 368 331 
Muscatine 1 439 284 342 230 
2 440 306 342 230 
Nicollet 1 398 130 59 156 
2 396 131 61 156 
Harps 1 400 343 351 285 
2 407 344 360 283 
Canisteo 1 424 158 124 24 
2 427 153 126 26 
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Table 50. Effect of waterlogging on arylsulfatase activity in Costa 
Rica soils 
Arylsulfatase activity after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
lig PN released/g soil/h 
Taboga 1 11 14 15 13 
2 12 13 14 13 
Rancho Redondo 1 64 76 68 38 
2 64 78 64 45 
El Viejo 1 43 39 40 47 
2 43 40 39 47 
Diamantes 1 106 105 83 70 
2 106 105 77 73 
CATIE 1 105 90 61 71 
2 105 90 60 71 
Hacienda Vieja 1 70 38 50 35 
2 67 36 50 34 
La Pinera 1 44 46 33 33 
2 44 42 32 33 
Finca Sacramento 1 94 80 61 49 
2 83 78 61 54 
Estacion 1 67 74 37 37 
2 67 71 57 56 
San Josecito 1 118 49 99 85 
2 120 49 99 85 
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Table 51. Effect of waterlogging on redox potential (Ehy) of Costa Rica 
soils used to assay arylsulfatase activity 
Redox potential after waterlogging 
for time (days) indicated 
Soil Rep 0 2 4 6 
Taboga 1 430 405 368 415 
2 431 415 376 418 
Rancho Redondo 1 395 391 306 318 
2 400 397 332 339 
El Viejo 1 441 297 384 414 
2 437 277 342 454 
Diamantes 1 404 395 327 334 
2 404 373 342 350 
CATIE 1 412 388 395 388 
2 413 400 380 394 
Hacienda Vieja 1 397 319 359 281 
2 408 340 361 300 
La Pinera 1 373 315 297 367 
2 371 311 297 367 
Finca Sacramento 1 456 344 388 433 
2 431 331 373 423 
Estacion 1 398 281 330 409 
2 398 314 352 406 
San Josecito 1 413 381 350 381 
2 418 388 334 386 
